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1. INTRODUCTION

The prediction of radar and optical signatures resulting from
atmospheric nuclear detonations requires reliable fireball entrainment
and mixing mocels. Essential (o these predictions is a sound knowledge of
the temperature, chemical species, ard velocity fields which are not
provided by available data from nuclear tests. The objective of this
program was to investigate turbulent mixing and entrainment of air in
fireballs by means of a subscale laboratory simulation and to provide a
data base to support the development and evaluation of theoretical fireball
models and codes.

The development of fireballs from low yield (<100 kt) bursts at low
altitudes (<30 km) will be dominated by bucyancy forces. The initial
stage of these fireballs resulting from large energy release within the
atmosphere is characterized by spherical symmetry, the domination of radia-
tive energy transport, and the propagation of a strong spherical shock wave.
On the order of a second «fter detonation, the fireball comes to pressure
equilibrium with the ambient air and because of its low density, begins to
rise. As the fireball rises, circulation causes a toroid to be formed.
This series of laboratory experiments which have been performed were
designed to simuiate these "buoyant rise" fireballs after pressure equili-
bration.

This report provides a complete summary of this experimental test
prociam which was conducted during the period from August 1971 through
September 1973. Although the emphasis in this report is on the experimental
results and conclusions drawn from those results, descriptions of the test

facility and discussions of the data acquisition, interpretation and reduction

procedures are also included.

Several topics were investigatad during the course of this experiment
and many interesting results «-e discussed in detail. Mean size/rise

characteristics and particle tracking photographs are presented to iliustrate

gross flow features. Laboratory turbulent results were compared to
dimensional data from a full scale nuclear event (through pr.per scaling)
and showed vcry gcod agreement. Results obtained during this study
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illustrated a marked difference between turbulent and laminar flow regimes,

and thus the emphasis in this report is placed on the turbulent results.
Averaged mass concentration profiles across the center of the vortex as
well as through the laboratory fireball wake are discussed. An iso-concen-
tration picture which provides the complete averaged spatial distribution
of the low density gas in a turbulent laboratory event is presented. Much
of the data acquired during the course of this study is cCiscussed, but

for completeness, all acquired data was tabulated and is included in
Appendix E.
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L 2. EXPERIMENTAL FACILITY

A test facility consisting of several primary components including
a high pressure test tank with optical ports, equipment for the remote
formation, sensing, and controlled bursting of soap bubbles filled with low
density gas, and the necescary diagnostic equipment to obtain density
» field measurements and flow visualization photographs of the internal and
external vortex flow were designed, developed, and utilized in the
performance of this experimental study.

2.1 HIGH PRESSURE TANK AND AUXILIARY EQUIPMENT

The high pressure tank is an ASME pressure vessel with a diameter
of 54 inches and a length of 14 feet. A photograph of the test tank
installed in the TRW Fluid Mechanics Laboratory is shown in Figure 1. This

facility was designed to operatz in a pressure range from vacuum conditions
to 10 atmospheres.

A system was designed and developed to remotely form soap bubbles
filled with low density gas (relative to the ambien* higher density gas)
in the high pressure test tank. Helium was used as this low density gas
when air was used as an ambient medium, while nitrogen-filled bubbles were
used in the higher Reynolds number SF¢ tests. Positive displacement pistons
and a valving system were used to meter the amount of low density gas and
soap solution to the bubble tube to accurately control the bubble size.

A small electrode spaced about 20 mils from the bubble tube with a
200 microfarad capacitor discharge system was initially used to burst the
bubbles. As a result of early asymmetries present in vortices generated
by this initial electrical discharge bubble breaking system, a mechanical
breaking technique was developed which repeatedly produced a symmetric
helium release. This technique consisted of remotely dropping a 125 mil
stainless steel sphere from an electromagnet mounted inside the tank
through the top center of the bubble. Tests with n~ bubble have shown that
no more .han 1/16" dispersion from the target ever existed and interferograms
taken just milliseconds after arrival of the sphere at all test pressures
indicated that this system provided a symmetric helium release.

“2
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The bubble formation head and electrode breaker/sensor were designed
as an integral unit so they could be traversed vertically within the tank
through a 1-inch diameter access flange and seal. The bubble tube position
could be varied from the center to 30 inches below the horizontal vieving
ports. As a result of the complexity of the optical instrumentation, and
in particular the interferometry apparatus, it was essential that they
remained fixed relative to the tank viewing ports which necessitated the
vertical relocation of the event initialization point in order to provide
data at the various desired rise positions.

2.2 DIAGNOSTIC EQUIPMENT

In order to completely specify the fluid state and motion, the
following must be known for a non-reacting gas: two thermodynamic variables,
such as pressure and temperature; a variable of the motion, such as velocity,
and the composition of 1he field. Measurements of the tank pressure and
temperature, outside the induced flow, specified the pressure and temperature
of the field since the induced fluid motion was incompressible (i.e., low
velocity and adiabatic). Of the remaining two unknowns, the density or
composition field was measured optically using holographic interferometry
and although the velocity field was not measured directly, an optical
particle tracking technique was used to provide information on the internal
unsteady flow structure. In addition, a shadowgraph system was used to
provide data on the external shape and pcsition of the events as a function
of time. Optical techniques were adopted for this study because of three
primary difficulties involved with flowfield probes. First, interpretation
of data obtained from probes in a highly three-dimensional flow is almost
impossible. Also, probe interference effects are sizable in an incompressible
flow such as this, and finally the cost and time consumed in reconstructing
a time dependent flowfield from loc:1 measurements was prohibitive. i
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2.2.1 Holograph‘c Interferometer

Pulsed Taser holcgraphic interferometry was used to measure the
mean density field of the rising toroids. The laser holograph* used in
this program was similar in design to one used in previous fluid mechanic
studies at TRW but was considerably larger in size to accommodate the
large high pressure tank. The main feature of the holocamera is that it
records orthogonal views simultaneously across the tank test section.
Consequently, this system is capable of recording any transmission subject
in an 8-inch diameter area in 1line with.the 4- by 5-inch photographic
plates and the large 18-inch objective lens at the opposite ports. The
advantages of using this hologranhic interferometer as compared to the
standard Mach Zehnder interferometer include the three-dimensional viewing
and depth focusing properties of holographic interferograms, and the fact
that precision optics and accurate alignment are not required with
holographic interferometry since a common optical path is used for both the
scene and compariso. beams. A schematic of the complete holocamera
identifying all primary optical components is presented in Figure 2. A
photograph of the holocamera together with the test tank was shown in
Figure 1.

In this holocamera the primary beam from the laser is split into a
reference and a scene beam. The scene beam is directed through the event
to the plates whereas the reference beam is directed on the plates without
passing through the disturbance. The prism plate and lenses shown in Figure 2
are used to spatially and temporally match the scene and reference beams
over the plates. A Q-switched solid state ruby laser with an energy of
about 1 joule and pulse Tength of about 100 nanoseconds was used to expose
both the vertical and horizontal beam holograms which were recorded on
Agfa-Gavaert 8E75 plates.

*The term laser holograph pertains to both the laser cavity or oscillator,
and all other optical components which comprise the holocamera.

12
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Interferograms were obtained in this common path interferometer by

sequentially recording the comparison and scene beams on the same plates.
The double exposure of the plates by the two pulses, the one of the
undisturbed volume and the other of the same volume with the test scene
introduced, produced the interferograms. The principle of operation of
any interferometer is that optical interference occurs between two coherent
beams passing through media of different density. When optical paths
differ by an integral multiple of the wavelength of the monochromatic 1ight
source, A, (AL = nx, n =0, 1, 2. 3 ...) the boams reinforce one another.
Conversely, when the optical paths différ by odd multiples of A/2 (AL = A/2,
3x/2, 5%/ 2 ...), complete interference occurs. Reinforcement shows up as
Tight fringes on the holographic plate whereas complete interference creates
dark fringes.

When the finite fringe technique is used, the plate holder and its
adjacent mirror are rotated between event and comparison exposures in such
a manner that the optical paths of the scene and reference beams change
uniformly over the entire plane of the holographic plate, creating a raster
of parallel fringes. The spacing of these fringes is dependent on the
amount of rotation of the plate holder and mirror. The more the mirror and
plate holder are displaced, the greater is the path mismatch, and consequently,
the interference fringes become narrower. Whatever additional shift is
caused by the test disturbance shows up as fringes displaced from the uniform
raster. When the infinite fringe technique is implemented, no optical
components are rotated between exposures. Only the disturbance

in a blank background appears, hence the name infinite fringe. Various
examples of finite and infinite fringe interfercgrams were presented in
References 1 and 2 and appear in this report in Figures 3 through 7. A
further discussion of the acquisition and interpretation of both finite
and infinite fringe interferograms and the advantages and disadvantages
of each is included in Section 3.

14




2.2.2 Particle Tracking Apparatus

Equipment providing the capability of obtaining multiple exposure
photographs of a rising vortex with its initial bubble seeded with a
particulate tracer was developed and used to provide data on the internal
vortex structure.

2.2.2.1 Particulate-Seeded Bubbles

Several different types of flow tracers were tested, such as talcum
powger, fine aluminum flakes, smoke, and hollow epoxy microspheres. Smoke
was discarded since it could not be generated at the high operating pressures,
talcum powder could not be photographed, and aluminum flakes prohibited
repeatable bubble formation. Consequently, epoxy microspheres from 10 to
250 microns in diameter were incorporated as the tracing particulate. It
was found that these microspheres were both a good tracer and were sufficiently
visible when illuminated to be photographed. An analysis presented in
Appendix A confirms the effectiveness of these particles as fluid tracers.

2.2.2.2 Camera/Flash System

A 35 mm Nikon F with motor drive having an f5.6 macro lens was
selected as the optimum available camera to acquire the particle tracking
photographs. Kodak Tri-X Pan (ASA 400) was chosen for film, and a special
processing technique using Acufine developer was incorporated which effec-
tively increased the speed of the film to ASA 1250, noticeably enhancing
the resolution above that obtainable using standard developers.

A 7.5kV power supply operating at an energy level of about 50 joules
was developzd to rapidly charge a 2.5uF capacitor bank which when discharged,
ignited an EG&G FX98C-3 (3" length, 70mm diameter) flash lamp. The
capacitor discharge was triggered by a standard square wave signal generator
at the desired frequency. An oscilloscope sweep triggered by the release
of the bubble breaking sphere from the electromagnet facilitated accurate
monitoring of the flash, enabling the time at which each exposurz was taken
after bubbic breaking to be accurately known. The flash was masked except
for two aligned slits to provide a pulsed vertical sheet of light directly
above the bubble tube and normal to the line of sight of the camera. This

15




illuminatior system permitted particulate to be visible in only a cross-

sectional slice (less than 1/2" wide) through each event allowing detailed
visualization of the internal flow structure.

2.2.3 Shadowgraph System

In general, any light ray passing through a region whose index of
refraction varies is displaced, deflected, and changed in phase relative to
the path it would have taken if the index of refraction were to have been
constant. If a collimated 1ight beam is passed through a disturbed region,
the image one sees on a screen on the other side of the 1ight source from
the disturbance becomes a shadowgraph. Using the approximation of small
deflections, for most gases it may be shown that the change in light
intensity on the screen due to the disturbance is propertional to the

second derivative of the density within the disturbed region (see Reference 3
for exampie).

The shadowgraph system used in this study utilized a point 1light
source (500 watt Mercury arc lamp) to the right of the large lens adjacent
to the tank window in Figure 2. The lens collimated the beam and & trans-
lucent vellum screen was placed on the left tank window. A 16 mm Bell and
Howell movie camera with a wide-angle lens using Eastman 4-X movie film
(ASA 500) at 24 frames/second was used to record the events.



3. DATA ACQUISITION AND INTERPRETATION

The purpose of this section is to discuss both the procedure for
obtaining infinite fringe and finite frine holographic interferograms and
the physical interpretation of these forms of data. As well, the acquisition
and interpretation of particle tracking photographs and the acquisition of
shadowgraph data are discussed.

Sl ACQUISITION OF INTERFEROMETRY DATA

The procedure which was used to obtain a set of infinite fringe
interferograms of a simulated fireball consisted of the following primary
steps:

1) Plate holders containing the special fine grain, low speed
photographic plates were loaded in the horizontal and
vertical plate holder receptacles.

2) The slides covering the plates were drawn after the laser and
bubble blowing apparatus had been checked and all sources of
ilTumination in the test area had been eliminated.

3) The laser power supply was charged and a soap bubble filled
with low density gas was blown to a predetermined size.

4) About five seconds after its formation, the bubble was burst.

5) Simultaneous with the bubble bursting, an electrical signal,
first sent through a time delay circuit, activated the laser
firing mechanism which recorded the test scene on the plates.
The time delay was adjusted to allow the helium cloud to rise
a predetermined amount.

6) A comparison scene was recorded on the plates by firing tie
laser a second time about 30 seconds after the event sce.e.
This delay ensured that the disturbance was well outside of
the viewing region resulting in a uniform, constant density
comparison scene.

7) The photographic plates were removed and developed using
special photographic developing agents.

8) The holograms were reconstructed, i.e., observed and
photographed by illuminating tha hologrars with a CW laser.

9) Large scale working photographs were then produced for use
in the data reduction phase as described in Section 4.1.

17




A horizontal view finite fringe interferogram was obtained by following

the exact procedure as outlined above except for the addition of one step.
This consisted of rotating the horizontal beam plate holder and adjacent
mirror a small precise amount between steps 5 and 6 abuve, i.e., between
recording the test and the comparison scenes on the plate. The amount of
this rotation determines the spacing of the undisturbed fringes.

8m2 INTERPRETATION OF HOLOGRAPHIC INTERFEROGRAMS

Interpretation of both infinite fringe and finite fringe interfero-
grams are included in this section since both types o data were acquired
and analyzed during the course of this study.

3.2.1 Infinite Fringe Interferograms

An example of an infinite fringe interferogram is presented in
Figure 3. This horizontal view hologram was obtained with an unbroken
one-inch diameter helium bubble at a tank pressure of one atmosphere. Each
fringe in this type of interferogram corresponds to a locus of constant
optical path so interpretation for data reduction purposes consi<ts of
numbering and locating the fringes along any plane of interest through the
fireball. These fringe numbers and locations can directly be used to
determine the integrated density or helium concentration change through the
fireball along that optical path. Details of the computational procedure

~required to obtain concentration profiles from these fringe number data are

presented in Section 4.1. In the sample infinite fringe interferogram
presented, the density is constant inside the bubble and lower than the

constant density region outside the buihie by about a factor ¢f 7. Consequently,

the interference fringes which consist of concentric circles with decreasing
spacing as their radii increase depict only changes in optical path length
through the helium sphere.

Another example of an infin’'te fringe interferogram is shown in
Figure 4. This interferogram shows a laminar vortex formed from an initial
one-inch diameter helium bubble at one atmosphere pressure after a rise of
about 4 initial bubble diameiers. The fringe pattern in this figure is more
typical of that expected in this study in that the fringe geometry and spacing
result from a toroidal cloud containing a mixture of helium and air.

18




Figure 3.

Infinite Fringe Interferogram of Helijum Filled Soap Bubble
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Figure 5. Typical Turbulent Infinite Fringe Interferogram
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A turbulent vortex, typical of the higher Reynolds number results in

this study, is shown in Figure 5 as a third example of an infinite fringe
interferogram. This event was formed from an initial one-inch diameter helium
bubble at eight atmospheres precsure after a rise of about 5 initial bubble
diameters (Reynolds number a factor of 8 larger than the event in Figure 4).
It is obvious by comparing this event with the lTower Reynolds number hologram
i? riguce 4 that the higher Reynolds number fireball contains siall scale
turbulent structure, not sent in the laminar casc.

3.2.2 Finite Fringe Interferograms

An example of a finite fringe interferogram is presented in Figure 6.
This interferogram was obtained at the same test conditions as the infinite
fringe interferogram in Figure 4 but at a higher rise position (6 initial
bubble diameters). In this type of hologram, the test disturbance causes a
displacement or shift in the fringes relative to the undisturbed pcrtion
of the test section. An increase in optical path is shifted in the opposite
direction to a decrease in optical path. Consequently, no ambiguity can
occur in regard to the fringe shift direction. The magnitude of the fringe
shift in this type of hologram can be directly related to fringe number in
an infinite fringe hologram and therefore to an integrated change in density
or concentration along the optical path.

A second example of a finite fringe interferogram is presented in
Figure 7. This hologram of a turbulent vortex was obtained at the same
conditions as the infinite fringe interferogram of Figure 5 but at a slightly
higher rise pcsition of 6 initial bubble diameters.. As demonstrated by this
example, finite fringe holograms with easier-to-reduce continuous fringes
can be obtained in small events with high helium concentrations by increasing
the amount of mirror and plate rotation between recording the test scene
and comparison scene on the hologram plates.

3.2.3 Advantages/Disadvantages of Infinite Fringe/Finite Fringe

The advantages of the infinite fringe arrangement are twofold. First,
the overall setup and care of the optics is much simpler since path matching
of the two beams is not altogether critical. Secondly, the infinite

21




Figure 7. Typical Turbulent Finite Frings interferogram
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fringe interferogram provides an excellent outline of the test zvent and a
clear physical picture of the internal flowfield.

However, the advantages of the finite fringe technique, especially in
providing a wide range of test conditions, outweigh for the most part the
merits of the infinite fringe technique. When there exist relatively large
density gradients in the flow (i.e., very many fringes of shift alcng a
small length), and when the flow is turbulent, the fringes tend to be
very irregular in shape.and difficult to delireate in an infinite fringe
ircerferogram. Also, it is not known internally whether a fringe shift
means an increase or decrease in density. Consequently, an a priori
knowledge of the flowfield is a prerequisite to use that techniaue. Even
though the infinite fringe approach is more simple and provides better
visual irsight to the flow, the flexibility of the finite fringe technique
(rotating elements in an amount commensurate with the character of the flow)
prcved .c be most advantageous. Without its implementation, the wide range
of Reynolds number variation at identical stages of vortex development and
especially the acquisition of high Reynolds number data could not have been
accomplished.




4. DATA REDUCTION

The objective of this section is to describe in detail techniques
which were used in reducing holographic interferometry data (both infinite
fringe and finite fringe) and shadowgraph data as they applied to this study.

4.1 HOLOGRAPHIC INTERFEROMETRY DATA

The process of achieving the final result, namely determining the
mean density and mass concentration fields from the holographic records
consisted of two primary steps. The first step consisted of fringe
interpretation, determination, and averaging. Once an average fringe
distribution was determined for a large set of repeat data, computer reduction
of the density and mass concentration fields was able to be accomplished. This basic
approach has been used in a number of former studies at TRW (References 4,
5 and 6) but the averaging technique is unique to this study.

The fringe shift S measured from the interferograms is related to
the index of refraction n (from which density and mass concentration are
determined) according to the following integral equation:

_lf” )
S = 3 (n nm)ds

-0

where X = wavelength of light in vacuum
ds = differential path length along 1ight ray
and subscript = corresponds to undisturbed conditions.

The problem reduces to solving this integral equation for the change
in index o1 refraction, (n - n ), as a function of fringe shift, S. The
mechanics of inverting the integral will be discussed in detail in Appendix
B.

This solution is accomplished by restricting consideration to an
axisymmetric geometry. Naturally, to use this technique to produce results
that are meaningful, the input fringe data must originate from an axisymmetric
event. To obtain an axisymmetric event, some type of average of repeat
sets of fringe distributions must be obtained. One could take an average
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in such a way to yield a probability-type result for density at a specified
lTocation in space, i.e., a tank-fiy¥-d approach. This would result in a very
smeared out* vortex which in no way would resemble a typical vortex.

Instead, an approach was developed whereby a coordinate system was established
for each individual vortex based on the Tocation of three points common to

all vortices, but located in general differently from event to event. This
approach retained the important physical features of the flow and produced

a symmetric vortex which was a representative average vortex rather than a
smeared out vortex average. This averaged fringe distribution forms the
topic for the next section. '

4.1.1 Averaging Radial Fringe Shift Distributions

To ouvtain an averaged radial fringe distribution for a particular set
of repeat interferograms, several basic steps were undertaken. First, coor-
dinates were established on the interferograms, and individual fringe
profiles were constructed. The data were then all collapsed about points
characteristic to all vortices in general. Once this had been accomplished,
an average S(r) distribution was calculated, and being satisfactorily
symmetric, was then used as the input to the density field and mass concentra-
tion field calculations.

4.1.1.1 Establishment of Coordinates on Individual Interferograms

An infinite fringe interferogram was visually examined to determine
the position of the saddle point by counting fringes inward from the edge of
the vortex. In this connotation, the saddle point is defined as the point
where the fringe number (see Section 4.1.1.2) simultaneously attains a
maximum value in an axial direction and a minimum value in the radial
direction. Two fringe maxima positions (generally having different fringe
numbers) were determined in the same manner and an x-axis was drawn through
them. The y-axis was then drawn orthogonal to the x-axis and through the
saddle point. The point where the x- and y-axes intersected defined the

*In the sense that the averaged event would be much larger than any individual
vortex and the important edge gradients would be reduced.
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vortex coordinate origin, or for the sake of brevity, simply the origin.
Reference to Figure 8 shows that:

XL g = distance from origin to first dark fringe on left side
XM = distance from origin to fringe maximum on left side
XpM = distance from crigin to fringe maximum on right side

XRE = distance from origin to first dark fringe on right side

<
%)
"

distance from origin to saddle point

Tank-fixed parameters of purely statistical interest are:

n = rotation of x-axis from true horizontal
2, = vertical rise distance of origin from top of bubble tube
Xo = horizontal distance from origin to center of bubble tube

Figure 9 represents a schematic diagram of a finite fringe inter-
ferogram which illustrates the placement of coordinates. Note that locating
the maxima and saddle point was not accomplished by counting fringes inward
from the edges, but by determining relative displacements of fringes from
their undisturbed positions. These features do not become immediately
obvious as was the case with finite fringe interferograms, and to identify
them correctly requires some hunting. Once these three points have been
correctly determined, all coordinates become established in an identical
fashion to the infinite fringe coordinates.

One set of finite fringe interferograms in particular was more
thoroughly analyzed for the purpose of constructing a map of the entire vortex
vortex field. For this set (10 atmospheres pressure, N, bubbles
in an SFg environment, 10.4 initial bubble diameters rise, and an initial
bubble diameter of 1/2 inch), four additional cuts through the vortex as
well as three cuts through the fireball wake were made. The vertical
positions of the four additional vortex cuts parallel to the central cut
were normalized with respect to where the top of the vortex intersected the
y-axis, Yis and where the bottom of the vortex intersected the y-axis, Yg-
These cuts were made at 1/3 Yo 2/3 Yo 1/3 Yge and 2/3 Yg- For the 1/3 Yy
and 1/3 g cuts, the two maxima and central minimum were identified in an
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Figure 8. Schematic of Interferometry Data Reduction - |
Infinite Fringe
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identical fashion to the central cut. For the 2/3 Yi and 2/3 yg cuts, more
often than not maxima could not be detected and consequently the central
minimum became the only criterion for coordinate selection. No bias from the
central cut was placed on Tocating the central minimum or the maxima to

again preserve the physical flow features. The motivation behind allowing
these coordinates to float was that in the mean, averaged over a sufficient
number of events, they would coincide with those of the central cut (results
show that they did indeed).

4.1.1.2 Obtaining Fringe Profiles from Individual Interferograms

For infinite fringe interferograms, the center of each fringe was
Tocated and numbered where it intersected the x-axis defined in the previous
section. The numbering started with S = 1/2 for the outermost dark fringe
(corresponding to the half-wavelength shift in optical path discussed
earlier), S = 1 for the next jnward light fringe, and so on, increasing by
1/2 each time a new fringe was encountered. Care had to be taken to give the
same fringe the same number when it intersected the x-axis more than once.
What resulted were m ordered pairs (Xij’ S 2
interferogrem, i = 1, 2, ... n.

ij) j=1,2, ... mfor every i
Because of the nature of the finite fringe interferogram, this step

in the data reduction procedure was considerably different than the above

for infinite fringe data. Reference again to Figure 9 shows that all

fringes were first identified by number (not to be confused with S = 1/2, 1,

1 1/2, etc. for infinite) in the undisturbed regizis :cih to the left and

to the right of the event. A mark was made wherever the center of any

fringe intersected the x-axis, and each mark was identified by its fringe

identification number by following its fringe into the undisturbed region

where it was numbered. Then, the distance normal to the parallel fringes

from the disturbed fringe to where its undisturbed fringe would be if there

were no disturbance, dij’ was measured, and divided by the fringe spacing,

ALi’ to give S in terms of number of fringes of shift. This S was completely

anzlogous to the S obtained by counting fringes inward from the edge for

infinite fringe interferograms.

It should be noted that all that follows in the remainder of Section 4.1
applies equally to both infinite anu finite fringe data.
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4.1.1.3 Data Averaging

In the process of establishing an average vortex, i. was essential
to preserve the important physical features by normalizing the characteristic
dimensions of each individual vortex. The dimensions selected for this
purpose were the locations of the fringe maxima and the left and right edges
relative to the origin.

To transform each event into a system of coordinates whereby maxima
collapsed onto the mean mayima and edges collapsed onto the mean edges,

the general linear transformation i}j = axij + b was used. First, the
average locations of the edges and the maxima were computed using
n
X =k X
LE n LE,
1= 1
: n
M T n Z v
i=1 1
: n
XM = ﬁ':z; XRM,
1=

x|
o]
m

I
S|—
AN

>
=
m

The event was then divided into four regions as shown below and
the normalization was accomplished separately within each region.

I |
| I
| |
1 I

s amty em =

|
|
1 Region 1

Region 2 Region 3 Region 4

— X

E; XLM, *RM; *RE;

The constants for a and b in the general linear transformation were determined
by matching the endpoints within each region to the averaged endpoints.
For example, in region 1, at

xij = XLEi’ xij = XLEi; and, at xij = XLMi’ Xij = XLMi
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For the jth data point on the ith interferogram, the new coordinates

X;: were:
1] ¢

In region 1,

In region 2,

XLMi =% < e
— oA
WXy, W

In region 3,

_ Xpm
W Xgm, W
1
In region 4,
XM, < *i5 < %Re,
1 1
Xor = X Xoe = Xi
— _XRE T *gM = *RE_~ *RM
Xi3 " %o Txo %5t XRm T XRM

ij X - X ij X - X .
REi RMi REi RMi i

In cuts where normalization was accomplished only with respect to
the edges e.g., (2/3 Yis 2/3 Yp» wake cuts, etc.), the transformations were




for the left side,

X
= _ OE
3T X, M
i
and for the right side,
X
= RE
Xy = —— X
1j XREi ij

Once a]]_(xij, Sij) had been trans*ormed to (Yij’_éﬁj)’ tﬂgre existed n

Sij VS, X33 profiles with all edges occurring at XLE and XpE? all

maxima at XM and YkM’ and the central minimum at X = 0. These profiles had
to be averaged with respect to S at constant x to yield a mean S vs. X

profile. Since every ith distribution did not have a discrete value of S at
th

the same X, convenient Xy were chosen to be used for each i~ event (say
= k

Xe = T *LE? k=1, 2, ... L) and linear interpolation for Sik was used

X . 5
between (xij’ Sij) and (Xij+1’ Sij+1)' 51k i
121541
B = S 5, ||
S = M g - w0 es
Xije1 7 X4y Sl -3

The input fringe numbers to the Abel inversion datanreduction routine for

an axisymmetric average vortex were simply §k = %— D Sik fork=1, 2, ...
i=1

The S vs. x for both the left and right sides were then computed. For all
practical purposes, the two sides coincided (see Figure 17 for a typical
example) when the number of events averaged was sufficiently large.

4.1.2 Calculation of Density and Mass Concentration Fields

Given the fringe distribution for an axisymmetric event, it is a
straightforward matter to calculate a density and mass concentration dis-
tribution along the same cut.
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4.1.2.1 Abel Inversion of Fringe Shift Equation

Recall the general equation for fringe shift

v/ﬂm (n - n_)ds

-0

Assuming the axisymmetric geometry below

Path of
Light Ray

it is seen that the incremental path length ds becomes d[/rZ - y2], and
since n = n_ for all r > ro, and that the event consists of two equal
halves, the fringe shift equation for an axisymmetric event becomes

r

0 rdr
S = - ])
v '{ e (r2 - y2)}/2 (

To solve for n - n_, one notes that this equation is the same as Volterra's
integral equation of the first kind, with the exception that the limits of
integration are different. The details of the solution (Reference 7) are
rather length and are presented in Appendix B. It becomes

ds
(n -n z - A‘/ro a_r-dr
YTy (r2 -yl

Break this up into n integrals over n intervals

Assume that in each kth zone (%%- is constant. Then,
k
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r.q + v/r 2 ré

kt1 7 k4 T

+ /r2 - r?
v TR T

Let the zone width (i.e., step size) = Ar and Tet i = 0, 1, 2 ... N-1 (zone).
Then

= [{k + 1)ar]?
(kar)2

(iar)2

N-1
n-n.) i ;;;(Sk+1 " e (er 1)+ [(ky 1)° -

;27172

4.1.2.2 Bimolecular Mixing Flow Relations

This section describes how density and mass concentration fields
were calculated from knowledge of the index of refraction field.

For a multi-component gas case, the index of refraction becomes,

n-1=>" Kipg =0 D KiC,

where K = Gladstone-Dale constant
C = mass concentration or mass fraction
p = density

subscript

i = pure species i




WV
.
For helium and air (subscripts H and A, respectively)
and because by definition
CA + CH =]
n-n pK KH
B0 ]
LS ol R VoV A (1)
From the perfect gas law the density ratio, p/p_s may be obtained as
T =
Rl =N
P P T M,
where T = temperature
<
. p = pressure
M = molecular weight
superscript

= mean quantity

A simplifying assumption, which in any event is non-crucial to the final
results, is that p = P, and T =T , i.e., the pressure and temperature of
the comparison and test scenes are the same. Then, plo,, = ﬁYMm.

From Dalton's Law of partial pressures,

.
P=TD oRi=eTRY M_1.=°T§
1
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where R = gas constant per unit mass
R = gas constant per mole
and by definition M is

For helium and air,

1l 1 _1
§_c”(Wf-W)+
Consequently the density ratio becomes
1

B =

poo (Moo Moo > Mco
Cho\g— -5 )+ +—
H AM, My My

The case here is for a comparison scene (sub «) comprised of air, thus

M, = My and K_ = K,
and
o= 7w (2)
) o

Eliminating o/p_ from equations (1) and (2) one obtains, after some algebra,

(n, - n)
p K

%) j(a ) R, 5 (3)
[pmxw AU '(R;"

The quantity K, in equation (3) is linearly dependent on pressure,
and only slightly dependent on temperature and the wavelength of light
used. A formula established by Biot and Arago expressing these dependencies
and confirmed by more recent experiments (Reference 8) 1is
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n0 -1

bt =i = 1 ¥ 55 aT_ Pe

where n, is the index of refraction at T,=0°, p_=1atm
a_ is the coefficient of thermal expansion of the ambient gas in C°7!
T_ is the ambient temperature in C°
p, 1s the ambient pressure in atmospheres
Values of N, and a_ required for this study were obtained from tables in
Reference 8.

The above analysis pertains to an air/helium mixture. When N, bubbles
are studied in an SFg environment, the subscripts H and A are simply
replaced with subscripts N and S, respectively, and subscript « and
subscript 5 are identical. Values of all constants used are tabulated
below.

Gases P MA/MH or MS/MN a_ KH/KA or KN/KS e, K,
Air/He | 1/2 7.25 1.092 0.893 138 » 107%
7.25 1.092 0.893 '2.67 * 1074
4 7.25 1.092 0.893 1.068 - 10°3
8 7.25 1.092 0.893 2.136 * 1073
10 7.28 1.092 0.893 2.67 - 1073
SFg/Ny | 10 5.22 1.092 1.98 7.6 * WG

4.1.3 Fireball Wake Interferometry Data Reduction

In addition to mean radial helium concentrations through the core
of the vortex, radial helium concentrations at various positions through
the fireball wake were extracted from the interferometry data. A free
coordinate system und normaiization only with respect to the wake edges were
selected for averaging the wake data, commcnsurate with the approach used
in the analysis of the data in the vortex body. The same procedure applied
to both infinite fringe and finite fringe interferograms.




The coordin es were established in the following manner. An axis
approximating the center of the wake was determined by eye and drawn
1ongitudinally through the core of the vortex. The wake coordinate origin
pecame defined by a line drawn normal to the wake axis through the vortex
Coordinate origin (where it was defined in Section 4.1.1.1). All cuts
through the wake were parallel to this line (normal to the wake axis) and
their locations were based on fractions of vortex diameter D below the
wake origin.

Fringe numbers along these cuts were recorded in the same manrer as
described in Section 4.1.1.2. The fringe profiles for the same cuts
were averaged over n interferograms using the edges and center as normalizing
parameters, which resulted in symmetric averaged fringe profiles when n WeiS
sufficiently large. Since the axial symmetry condition was then satisfied,
the previously discussed Abel inversion of the fringe shift equation could
be applied to calculate radial mass concentrations.

4.2 SIZE/RISE DATA

Shadowgraph movies were utilized in this investigation primarily to
study gross motions of the rising vortex such as size and rise. Only a
Timited amount of this information could be obtained with interferometry
since that diagnostic is limited to obtaining data at one instant of time
in each event. After acquisition and processing, each shadowgraph film was
projected on a large sheet of paper where the outline of the vortex was
traced frame by frame until the vortex disappeared from the field of view.
Since only gross flow features appear on a shadowgraph frame (charge of i1lum-
ination proportional to the second derivative of density rather than directly
with density as is the case with interferometry), distinct features such as
saddle point and maxima could not be distinguished, but the outline of the
edge could accurately be identified. While viewing the shadowgraph movies,
it was possible to quite accurately establish a radial axis visually
through the center of each event. The averaging of this size/rise data is
outlined below:

Referring to Figure 10, one may define for the jth frame of the ith
event

———




ae

i FRAME AFTER
BUBBLE BREAKS

J

OUTLINES ﬁRE EDGES OF
ith Event

Figure 10. Nomenclature and Axes for Shaowgraph Data Reduction
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= rise height from top of bubble tube

1j
Dij = diameter of center of vortex
Ny = inclination of diameter to horizontal
x°iJ = horizontal displacement of center of vortex from center of

bubble tube

Dy, = initial bubble diameter

[
n

1 is the first frame after the bubble is broken

The following physical parameteré are averaged over n events to
yield average quantities for every j:h frame:

== n z..
<L =lZ_1_1 . ; .
(Do\ - ] Doy mean normalized rise height
/3 3
J 1=

D..
ﬁll- mean normalized diameter

TN
=<
(o]
‘_‘.\/
n
S|—

mean rotation

t_;jl
"
S|—
M:x EM: E‘M:
=
=

X0s
) = %- B—JJ- mean normalized translation of center of
; j=1 °i vortex from bubble tube axis

X
Again, for a symmetric event, n; and (Tfl> should approach zero as a check.
0/,
J
In addition, standard deviations, ¢ are computed for each parameter where
o for some parameter P is defined as

o= [1 30 g 7]

where
5 1 0
i=]

These same relationships applied equally well to the interferometry data and
enabled data to be averaged at one point in time. :
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5. EXPERIMENTAL RESULTS

A discussion of results obtained in this subscale experimental
study are presented in the following sections. These results include
vortex size/rise comparisons from both interferometry and shadowgraph
data, qualitative comparisons of the internal structure between laminar and
turbulent vortices based on particle tracking photographs, selected ma..
concentration profiles from interferometry data, and a composite iso-
concentration picture which presents the spatial distribution of low
density gas within an averaged turbulent laboratory event.

5.1 VORTEX SIZE AND RISE RESULTS

Figure 11 presents vortex size/rise data obtained at eight different
test conditions which provide over a factor of forty (40) variation in
Reynolds number*. The vortex rise position, z, (given by the center of the
cloud relative to the center of the initial bubble) is presented as a function
of the vortex diameter, D. The results presented have been averaged
over each data set at a given test condition (see Section 4.2 for the averaging
technique used for calculating size/rise information) and made nondimensional
using a characteristic length equal to the initial bubble diameter, Do‘

The shadowgraph data (shown in solid symbols) provide results up to
a rise position of about 5 bubble diameters since delineation of the vortex
edge beyond a few bubble diameters, especially in laminar cases, was
impossible. Additional data points are provided at higher rise positions
by sets of averaged interferometry data (shown in open symbols). The
results show a consistent trend with Reynolds number, namely, the higher
Reynolds number data display a greater diameter at a given rise position.
Of particular significance is that the size/rise data fall within two
distinct bands; one corresponding to a high Reynolds number or "turbulent"
group of data and the other to a low Reynolds number or "laminar" group.

*Reynolds number is defined as Re = pourD,/u, where ur is the terminal
velocity of a non-entraining sphere, Dy s the initial bubble diameter,
and p_ and u_ are the ambient density and dynamic viscosity, respectively.
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The turbulent data band includes all data acquired with helium in air at

tank pressures of 8 and 10 atmospheres and with nitrogen in sulfur
hexaflouride (SFg) at 10 atmospheres covering a range of Reynolds numbers

from 10,400 to 27,600. The laminar data band encompasses all data acquired
with helium releases in air at 1/2 and 1 atmosphere pressure and for initial
bubble diameters ranging from 0.9 to 2 inches which provides Reynolds numbers
ranging from 650 to 3000. Additional data were acquired at an intermediate
Reynolds number of 5200 using a helium release in air at a tank pressure

of 4 atmospheres. These data tended to fall between the laminar and turbulent
bands and consequently were not added to the figure (except for an interferometry
data point) to improve its clarity. These data are, however, tabulated with
the other size/rise results in Table I. Mean rotational and translational
data (n and xo) at all test conditions were found to be negligible, as
expected.

Also shown in Figure 11 are bars on the laminar and turbulent data
which represent the standard deviations in the size and rise data at that
stage of development. A complete summary of the size/rise standard deviations
for both the shadowgraph and interferometry data are presented in Table II.
These results are given for each set of averaged interferometry data and
for the averaged shadowgraph data at rise heights of 2, 3, and 4 bubble
diameters. In analyzing these variational data, it was found that there were
no consistent trends with Reynolds number or stage of vortex development.
instead, all data showed a variation from the mean of 10 percent * 5 percent
with few exceptions. In the exceptional cases, (shadowgraph data at 8
atmospheres and interferometry data at 1/2 and 1 atmosphere pressure) the
standard deviations were within 20 percent of the mean. It should be
emphasized that the standard deviations presented are for size and rise
dimensions only, and in general, standard deviations of internal vortex
characteristics such as the maximum fringe shift from the interferometry
data tended to be somewhat larger.

In thoroughly reviewing the interferometry data, it was found that
consistent variations in the configuration of the vortices (as viewed from
the horizontai) were present as a function of Reynolds number. An
additional subjective* dimension beyond those described in Section 4.1 was

*Subjective in that the base (bottom) of the vortex is in some cases
difficult to establish because of the presence of the wake.
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obtained from each interferogram to provide an estimate of the height

(top to bottom dimension) of the vortex, not including the wake. An }
average vortex diameter-to-height ratio was then obtained for four individual

sets of interferometry data to provide a first order means of determining i
the additional entrainment which occurred in the turbulent events relative '
to the laminar than would be indicated by only their respective diameters.

These ratios are presented in the table below.

Average Diameter-to-Height Ratios of Events at Different Test Conditions

Test Condition Tamber | Hetght Ratio
SFg/N,, 10 Atmospheres, D0 = 1/2 Inch 27,600 1.22
Air/He, 10 Atmospheres, D0 = 1 Inch 13,000 1.24
Air/He, 4 Atmospheres, D0 = 1 Inch 5,200 1.68
Air/He, 1 Atmosphere, D0 = 1 Inch 1,300 1.48

The results in the table indicate that the average diame*or-to-height
ratio for the turbuient events is about 20 percant less than fcr the laminar
events or that the average volume of the turbulent events is about 20 percent
greater than the volume of the laminar events for a given diameter. This
difference in configuration results in a greater difference in entrainment
between the laminar and turbulent results than indicated by their respective
size/rise characteristics in Figure 11. In terms of an entrainment
coafficient, a = %E—, the r. e of change of vortex radius with rise height
(see discussion in Section 2 of Reference 1 for example) the difference

between the turbulent and laminar data would be increased by about 6 percent.

A surprising result is the much greater flattening, or larger diameter-
to-height ratios of the events in the 4 atmosphere group of data. This
change in configuration could possibly be associated with the transitional
nature of the flow since it is well known that many dramatic effects can
occur in flow fields that are undergoing transition from a laminar ‘o a

turbulent condition. The net effect i¢ that on a volume entrainment
basis the 4 atmosphere set of data tends to shift and collapse with the
laminar data




Averaged laboratory fireball rise history data are presented in
Figure 12. The same nondimensional rise position, Z/D0 as presented in
Figure 11 is plotted as a function of a nondimensional time parameter,

T =\/%— t where:
0

t is the fixed time for the events to reach an average rise
height from the time the bubbles were broken

g is the gravitational acceleration

Dy is the initial bubble diameter

Again it can be seen that Tow Reynolds number or laminar data fall within

one group and the turbulent higher Reynolds number data fall into a distinctly
different lower rise rate pattern. Curve fits to both the laminar and
turbulent data are shown in the figure to better illustrate the more rapid
rise rate of the laminar data. This faster rise rate exhibited by the
laminar vortices results from a less pronounced entrainment of air in these
events than in the turbulent events which is consistent with the size/rise
and configuration daia presented earlicr.

Again the intermediate Peynolds number shadowgraph data acquired at
4 atmospheres pressure were not plotted to improve the clarity of the figure.
In general, these data fall above but close to the turbulent data curve
fit. In addition, three turbulent interferometry data points (two with
SF¢/N, at 10 atmospheres and one with Air/He at 8 atmospheres pressure) at
high rise positions were not shown so the scale cf the plot could be
expanded. These results follow the same trend as the turbulent data
presented.

Further evidence of the marked differences in the structure and
nature of the laboratory laminar and turbulent vortices beyond that already
presented in terms of size, rise, and shape characteristics is displayed in
two typical particle tracking photographs in Figures 13 and 14. These
multiple exposure photograrhs of evolving particulate seeded vortices are
presented for comparison purposes to illustrate dramatically the effect of
turbulence on toroid structure. Figure 13 represents a laminar vortex taken
at a pressure of one atmosphere with an initial bubble diameter of one inch
corresponding to a Reynolds number of approximately 1300. The flash
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Figure 13.

Multiple Exposure Photograph of Particulate Seeded
Laminar Fireball
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rate was 5.0 flashes per second. The important feature of this photograph
is the distinct toroid "jelly-roll1" structure apparent throughout
the entire rise.

Figure 14 displays a turbulent event acquired at a pressure of eight
atmospheres with the remaining test parameters identical to the one
atmosphere photograph. The Reynolds number for this particular event was
about 10,400. In this case, turbulent mixing has completely overwhelmed all
internal structure evident in the laminar event. It is apparent from these
and similar vortex structure photographs that a "jelly-roll" structure as
such is strictly associated with a laiinar event and will not exist in a
full scale detonation.

5.2 COMPARISON OF TURBULENT LABORATORY DATA WITH FULL SCALE EVENT

It has been concluded that the higher Reynolds number (Re > 10%)
laboratory data are indeed turbulent. Since turbulent flows usually exhibit
a weak dependence on Reynolds number, one would hope to find that the
laboratory data could be scaled directly to full scale atmospheric events.
Only two characteristic lengths present themselves; 1) the initial diameter
of the fireball and 2) the atmospheric scale height. Since the laboratory
experiments are not expected to be sensitive functions of the latter, one
might hope that the initial diameter, Do’ is sufficient for scaling.
Figure 15 shows rise versus size data nondimensional with Do’ The Taboratory
data which have factors of 2 variation in the initial size are nicely collapsed
into a single curve as are the data of the full scale event whose initial
diameter is approximately 10 times as large as the laboratory simulation.
The results would appear to confirm that D0 is the only important characteristic
length and that the Reynolds number variation between full scale and laboratory
conditions is not critical at least insofar as this type of gross dimensional
data is concerned.

For the time dependence, the only obvious scaling is through the
gravitational constant, g, which when coupled with the initial diameter,

Do’ can be made into a characteristic time. Figure 16 shows D/D plotted

against a nondimensional time t = V ‘Vg—-t The square root of the density
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Figure 14.

A
Multiple Exposure Photograph of Particulate
Seeded Turbulent Fireball
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Figure 15. Comparison of Laboratory and Full Scale Fireball Size/Rise Data

50




001

eeq AU0ISLH 9ZLS [[eQa4L4 9|edS [|n{ pue Auojesoqe] jJo uostuedwo) °g| a4nbr4

08 09 ot 02 ol 8 b 2 Ly
1 T R ) 1 _ | L 1
2
%a/a
s
rkhw
{,01X€ > 34 > ,0L) 9
X WiWO 8v71 LNINQYNL - ST0GWAS NIdO
» (LN3AI 30NLILTY MOT-QTI3IA MOT)
Yiv¥a 3VIS 14 X -8
ol

51

T e dh el T =




ratio has been included to account for the density variation resulting from
the altitude change that the full scale event experiences (Reference 9).
This ratio is identically 1 for all the laboratory data. A1l of the laboratory
data are nicely correlated with these parameters and while the full scale

data is slightly (~10%) displaced, nevertheless the trend is well established.
In addition to agreeing with one another, all of the data are well represented
by the formula D/Do N 12/5 which can be shown to be a result of turbulent

] entrainment and the slowly varying toroidal geometry of the phenomena

(Reference 9).

It is concluded that the laboratory data, when viewed in the proper
nondimensional frame of reference are representative of a full scale atmos-
pheric event, and reasonable credence can be placed in the concentration
fields thus determined which are discussed in the subsequent sectiots.

5.3 LABORATORY FIREBALL MASS CONCENTRATION RESULTS

Four main topics are discussed in this subsection. A typical averaged
fringe shift distribution is described which satisfies the axisymmetry
requirement imposed by the data reduction method. Though Reynolds number
dependence on mass concentration was not a primary objective of this study,

a brief comparison between laminar and turbulent results is shown. Next,
concentration distribution dependence on rise position (or equivalently,

time after bubble bursting) and the geometric similarity that results are
discussed in detail. Finally, mass concentration results within the laboratory ]
fireball wake are discussed.

5.3.1 Results of Data Averaging

In Section 4.1.1, the technique used in this study to obtain a
composite symmetric event by ensemble averaging a number of typically
asymmetric fringe shift distributions was described. The mean distribution
so obtained must satisfy the inherent requirement present in the data reduction
of axisymmetry before it may be used to compute the density and mass
concentration fields.




A representative mean fringe distribution obtained usiny the
aforementioned averaging technique appears in Figure 17. The solid curve
corresponds to the averaged left hand side, and the dashed curve to the
mean right hand side. The particular test conditions at which these data
were acquired were as follows: tank pressure of 1J atmospheres, 0.5 inch
diameter initial N, bubble in an SFg environment, and a 10.4 initial
bubble diameter rise 1.175 seconds after bubble breaking. The curves result
from cuts taken through the center of the vortices.

It is seen by comparing the two curves that the averaged event is
indeed reasonably axisymmetric. Edge radii and the radial locations of the
fringe maxima deviate by less than 2 percent. The relative deviation in
the fringe shift, S, is less than 10 percent at most. Prior to computing
mass concentration profiles through an averaged event, the left and right
hand side fringe shift distributions were averaged together to provide even
a hetter representation of a symmetric event.

The discrete points appearing on Figure 17 correspond to raw
fringe data taken directly from one of the twenty-nine interferograms which
compose this particular set of data. These points are indicative of the
asymmetries present in indiviau»1 events and the necessary utilization nf
an averaging technique. It becomes readily evident from the differences
between the two sides that an Abel inversion of fringe data from single
events would produce misleading results.

5.3.2 Effect of Reynolds Number on Averaged Mass Concentration Profiles

Figure 18 compares a laminar mass concentration profile with one that
is turbulent. Both profiles were reduced from data acquired at a common
rise position and have their radial coordinates nondimensionalized with the
initial bubble radii for comparison purposes. The laminar curve evolves
from data recorded at test conditions of one acmosphere pressure, a one
inch initial diameter helium bubble in an air environment, and at 0.55
seconds after bubble bursting. The turbulent data were acquired at 10
atmospheres pressure, using SFg/N, as the gases, a 1/2 inch diameter
initial bubble, and a time after bursting of 1.175 seconds. Both data
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sets were acquired at a rise position of approximately 6 initial bubble
diameters. The Reynolds number of the turbulent data (27,600) is
approximately 20 times that of the laminar (1300).

Two main features become evident from Figure 18. First is that
the average laminar vortex is relatively smaller than that of the turbulent.
Secondly, the stage of toroidal development of the turbulent case appears
more advanced than that of the laminar. This is evidenced by the presence
of a hole at the center of the turbulent vortex (see Appendix C). The

turbulent toroid also exhibits more steep concentration gradients near
the inner edge. '

The fact that the turbulent profile has a Tower peak mass concentration
than the Taminar is inconclusive. One cannot make a direct, one-to-one
comparison between magnitudes since the initial density ratio of the
laminar data (ratio of the density of pure helijum to pure air) is 0.138
whereas that of the turbulent data is 0.192. These initial conditions, if
anything, would tend to reduce the differences in the peak magnitudes.

For the sake of completeness, this comparison of lamijnar and
turbulent mass concentration profiles was presented and discussed. Strong
evidence that the turbulent data more closely resemble the full scale event,
at least in structure and gross size/rise character (Section 5.2),
motivates placing most of the emphasis in the remainder of Section § on
the turbulent results, and only when additional insight may be gained will
laminar results also be presented. To be complete, all data acquired during
the course of the experiment appears in tabular form in Appendix E.

5.3.3 Effect of Rise Position (or Time) on Mass Concentration

A more conclusive comparison of mass concentration data than that
presented in Section 5.3.2 results from data acquired at the same Reynolds
number but at different rise positions (i.e., or different times). Three
large repeat sets of SFg/N, 10 atmosphere data were acquired for this
purpose at 6.0, 10.4, and 16.9 initial bubble diameters rise, or 0.625,
1.175, and 2.50 seconds after bubble bursting, respectively.




Figure 19 displays central cut mass concentration results for the
data sets mentioned above. The radii have been nondimensionalized with
the initial bubble radius, and all three curves have been plotted to the
same radial scale so that relative vortex growth is illustrated. No
attempt was made to locate vertical position of each plot to the scale
of the horizontai dimension.

In this figure, the outer radius of the torus grows with rise
position at a decreasing rate as rise rosition or time increases. This
feature was evidenced in the size/rise aiscussions and need not be amplified
here. More importantly, the peak concentrations decrease from 0.66 percent
to 0.37 percent to 0.21 percent, their peaks become flatter, and their
inner and outer concentration gradients decrease with increasing rise.

Data pertaining to the growth of the inner torus radius (i.e., the hole in
the center) is inconclusive, because what defines "hole" is somewhat
ambiguous since the data reduction accuracy decreases with radius (see
Appendix C).

Figure 20 compares the same data which appeared in Figure 19 but in
a slightly different manner. Each mass concentration profile has been
normalized to its own maximum concentration, and the radial coordinate
has been normalized to the individual edge radius. In this manner, all
three curves begin with a zero concentration ratio, increase to a ratio of

one at its maximum, and decrease to zero at r/r = 1. Figure 21 presents

edge
two different sets of laminar data in an identical fashion. These particular
Taminar data were acquired at one atmosphere pressure, with air/helium as
gases, and at rise positions of 3.1 and 5.9 initial bubble diameters, res-

pectively.

A comparison of the three curves in Figure 20 shows that there is
very little difference at all between them, which is indeed a most interesting
finding. This indicates that for all practical purposes, the mass
concentration distribution in the torus remains geometrically similar after
torus formation has been established for this range of rise positions. In
the laminar case (Figure 21), though only two scts of data were analyzed and
at comparatively lower rise positions, the same results bear credence.
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Figure 21. Normalized Mass Concentration Distributions;
Laminar Data at Two Rise Positions
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5.3.4 Laboratory Fireball Wake Results

Two sets of data, one turbulent and one laminar, were analyzed to
investigate the character of the laboratory fireball wake and to provide
insight as to the significance of the wake in relation to the main vortex
flow field.

An averaged, 10 atmosphere SFg/N, vortex which rose 10.4 initial
bubble diameters provided the data base for the turbulent wake calculations.
Three cuts were made through the wake in the fashion outlined in Section
4.1.3 at 3/10 D, 1/2 D, and 3/4 D below the defined fireball coordinate
origin. A physical constraint, namely the format size of the interferogram,
precluded any analysis of data below 3/4 D. The laminar wake results were
ascertained from an averaged, one atmosphere, air/He set of interferograms.
Since the Taminar vortices were smaller than the turbulent ones, results
were calculated along cuts at 1/2 D, 3/4 D, and D normal to the "wake
axis."

Figure 22 provides nondimensional comparison between the turbulent
results and those of the laminar. Mass concentrations along the various

cuts through the wake, C , are divided by the maximum concentration along the

W
central cut of its corresponding average vortex, CVmax' The radial position

along the wake cut, L is nondimensionalized by the initial bubble radius s
to suppress the effects of different initial bubble sizes (0.5 inch diameter
for the turbulent, 0.4 inch for the laminar).

There are several wake characteristics that are illustrated in
Figure 22 worthy of note. First, the turbulent wake, both relative to the
in1tial bubble size and to its corresponding vortex size, is
considerably wider than the laminar wake. Secondly, the peak wake concentra-
tion of the turbulent case is far less than that of the laminar, and remains
reasonably constant throughout much of the width of the wake whereas the
concentration of the low density gas in the laminar wake decreases rather
steeply from its maximum to the edge.
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A calculation presented in Appendix D and discussed more thoroughly
in the following section indicates that slightly less than 10 percent
of the nitrogen present in the vortex flow field is contained in the
wake. To the degree of accuracy of the calculation made, this indicates that
most of the initial mass does indeed remain in the vortex after torus
formation has been established. One could reasonably extrapolate this
result to a full scale nuclear event and conclude that the assumption
that all weapon and carrier debris remains in the torus would appear to
be, in the first approximation, valid.

5.4 COMPOSITE ISO-CONCENTRATION PICTURE FOR A TURBULENT VORTEX

Iso-concentration profiles for a turbulent vortex were derived from
a series of averaged concentration profiles and are presented in Figure 23.
The set of interferometry data which was used in preparation of this figure
was obtained with an N, release in SFg at 10 atmospheres pressure after the
center of the events rose a distance of 10.4 initial bubble diameters. The
individual concentration profiles through the vortex body and wake are
presented in Appendix E since they may be more useful in that form for
comparison to code results. The concentration level corresponding to
each iso-concentration profile is shown in Figure 23. The grid marks
shown along the axes are 0.25 inches apart which corresponds to the initial
bubble radius of this avercged event.

A calculation »f the mass of nitrogen in the portion of the event
shown was made (see Appendix D for details) which yielded a result equal to
about 87 percent of the original N2 in the unbroken soap bubble. It should
not be inferred that 13 percent of the original mass is necessarily in the
wake below the averaged event shown since the number of profiles used and :
the averaging necessary in the integration technique was only accurate to
within about 10 percent. It was found that slightly over 90 percent of the
calculated mass of N, was located in the vortex body or Tess than 10 percent
of the total was located in the wake shown in Figure 23.
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Figure 23. [Iso-c'ncentration Profiles for a Turbulent Vortex
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In rising over 10 bubble diameters the averaged vortex shown has
entrained a mass of SFg more than 600 times greater than the mass of N,
(Appendix D). As a result of this entrainment the iso-concentration lines
range from a peak of slightly over 0.35 percent at the center of the
vortex core to zero at the edge. It should be noted that the edge profile
shown as a zero concentration line is an estimate only since defining the
exact location of zero fringe shift is impossible. It is also interesting
to note that the region defined by concentrations above 0.1 percent consists
of a toroid with a kidney-shkaped cross-section.

The largest mean concentration gradients can be seen to be on the
outside top .nd sides of the vortex and on the inside of the torus near the
Core. Again it should be noted that the mean concentration profiles
presented here have resulted from the averaging of 29 events and consequently
instantaneous gradients at the edge of a single turbulent event would
undoubtedly be greater.

A transparent overlay shows both a sphere which encompasses the

bulk of the averaged event and a torus which provides a reasonable fit to
the higher concentration level torus core. It can be seen that a sphere
does provide a rough but fairly good representation of the volume
contained in the vortex flow field with the primary exceptions being the
depression and hole in the top and the wake structure aft of the torus.
The torus shown in the overlay is geometrically similar to that described
by geometric dita from the same low yield-low altitude detonation
discussed earlier in connection with Figures 15 and 16.




f 6. CONCLUSIONS

1 Listed below are the conclusions considered significant based upoa
results presented in Section 5.

1. Mean size/rise characteristics of turbulent and laminar
events are distinctly different and fall into two well-
defined bands. The turbulent data display a greater size
for a given rise distance.

2. The larger diameter and different shape of the turbulent
events reflect an increased rate of entrainment over that
which exists in the laminar cases.

3. As a result of a decreased rate of entrainment, the laminar
data exhibit a greater rise rate than the turbulent data.

4. Particle tracking photographs show a "jelly-rol1" structure
in toroids at low Reynolds number laminar conditions.
Turbulent mixing and large scale turbulent structure completely
overvhelm any wrap-up structure at the higher Reynolds
number test conditions.

5. Laboratory turbulent size/rise data are in excellent agreement
with data from a full scale detonation when results are viewed
in the appropriate nondimensional frame of reference.

P
6. A nondimensional time parameter (t = EQ-Vg—-t) has been
0

shown to correlate laboratory and full scale fireball
growth rate data. TQ;ge data show that the fireball diameter
is proportional to ©°/".

7. Comparison of events at an identical Reynolds number but at
different rise positions indicates that the peak concentration
levels decrease, the peaks become less pronounced, and the |
concentration gradients decrease with increasing rise distance.

8. Concentration distributions in a rising vortex have for all
practical purposes been shown to be geometrically similar after
the toroid has become established (for a range of rise
positions from 6 to 17 initial diameters).

9. A distinct wake is present below a rising toroid. However, it
was found that at a high Reynolds number condition, less than
10 percent of the total mass was in the wake, or over 90 percent
was present in the vortex body.




10.

11.

12.

At the same high Reynolds number condition, it was found that
a vortex entrained more than 600 times its original mass in
rising a distance of about 10 initial bubble diameters.

The largest mean concentration gradients in an averaged
turbulent vortex were found to be on the outside top and sides
of the vortex and on the inside of the toroid near the core.

It has been found that for the same high Reynolds number
condition that the higher corcentration levels were located
in a small kidney-shaped core.
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7. RECOMMENDATIONS

The laboratory fireball data described in this report have provided
for the first time a quantitative data base in terms of mean mass concentra-
tion and mean density field distributions for use in the checkout of
hydrodynamic codes. Mean shadowgraph data along with interferometry data
were ensemble averaged to provide laboratory size/rise characteristics.

The high Reynolds number turbulent laboratory size/rise data are in very
good agreement with data from a low yield, low altitude nuclear event which
demonstrates that this experimental technique does simulate the important
physics that controls fireball hydrodynamics. Strong evidence that the
simulation is credible coupled with the need for quantitative data to
support code calculations indicate that further subscale laboratory studies
are justified. Data similar to that presented in this report could be
produced in a very straightforward manner using the existing experimental
facility and data analysis techniques. Direct turbulence measurements
could be made through the addition of two primary diagnostic instruments.

Additionai mean concentration/density data could be obtained without
facility modification or development of new data analysis techniques. If
further support is required for comparison to code results, more
iso-concentration pictures (e.g., Figure 23) could be generated for
various stages of vortex development. In addition, these pictures would
provide better physical insight into the flow. These unique data,
quantitative in nature, could be generated «t either laminar or turbulent
conditions, depending on the code development requirements.

An extension of the study would prcvide quantitative turbulence
measurements, necessary to guide and provide inputs for the development of
turbulent model equations for fireball flow fields. Direct density
fluctuation and velocity fluctuation measurements could be made
simultaneously with the addition of two diagnostic instruments. The density
fluctuation measurements could be made using a small, fast response probe
developed and successfully used at California Institute of Technology by .
Brown and Rebollo (Reference 12). A dual scatter, laser Doppler velocimeter
(LDV) as used by Sullivan, et. al (Reference 13) could be incorporated into
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the facility in order to measure two orthogonal velocity components of the
vortices simultaneously. With these measured fluctuation quantities, the

important turtulent transport terms in the Reynolds averaged momentum and

thermal energy (and/or species) conservation equations, namely the turbulent
Reynolds stresses and the turbulent heat or species fluxes are known. Thus,
a two-dimensional transient solution of these conservation equations may be

ac-omplished.
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Table I

Mean Vortex Size/Rise Data

71

Shadowgraph 1 Atm. Shadowgraph 4 Atm.
2" Bubble Re = 3000 1" Bubble Re = 5200
t (sec) z/D,  D/D, Xo/Dy (deg)|it (sec) 2/D, D/D, Xo/Dy 1 (deg)
.0417  .064 1.130 -.006 .06 .0417  .251 1.385 -.008 -1.35
.083¢ .600 1.223 .002 1.79 .0834 .632 1.540 -.020 -1.00
L1251 1.044  1.369 .041 2.75 L1251 1.037 1.606 -.028 -1.37
.1668 1.422 1.525 .056 .23 .1668 1.440 1.729 -.026 -.93
.2085 1.782 1.654 .059 1.52 .2085 1.804 1.831 -.030 -1.19
.2502 2.049 1.72 .050 3.29 .2502 2.217 1.958 -.020 -.20
.2919  2.543 2.076 -.036 -.04
.3336 2.915 2.225 -.011 .51
.3753 3.278 2.275 -.031 .64
417 3.593 2.312 -.137 .14
Shadowgraph 8 Atm. Shadowgraph 10 Atm.
1" Bubble Re = 10,400 1" Bubble Re = 13,000
t (sec) 2/, D/D, Xo/Dg n (deg)l|t (sec) 2/D, D/D, x,/Dy n (deq)
.04v7 138 1.418 -.001 .20 .0417 .286 1.301 -.002 -.35
.0834 .554 1.622 -.004 .37 .0834 .686 1.489 .008 -.08
.1251 1.038 1.830 -.008 .38 L1251 1.178 1.717 .04 .47
.1668 1.513 2.003 .009 .83 .1668 1.598 1.974 .018 .66
.2085 1.927 2.219 -.003 -.09 .2085 1.967 2.128 -.006 .73
.2502 2.294 2.316 -.061 .34 .2502 2.358 2.305 .005 2.58
.2919 2.683 2.434 -.087 1.4] .2919 2.731 2.483 .008 4.7
.3336 3.022 2.507 -.077 2.11 .3336 3.074 2.577 .030 5.16
.3753 3.347 2.575 -.067 2.12 .3753  3.441 2.639 .022 5.06
417 3,732 2.722  -.051 1.84 417 3.794 2.774 .054 4.98
.4587 4.004 2.813 -.047 2.92 .4587 4.142 2.914 .086 4.67
.5 4.182 3.026 0. 1.79 .5 4.426 3.001 .082 4.20
.5417 4.490 3.181 .008 2.2 .5417  4.505 2.959 .020 5.10
.5834 4.600 3.304 .065 3.11 .5834 4.730 3.162 .087 4.72
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Interferometry Data

Table I (CTD)

Mean Vortex Size/Rise Data

Gases P (Atm.) (in.) Re t (sec) z/Do D/D,
Air/He 1/2 1.0 650 .48 5.01 2.88
Air/He 1 0.9 1100 .19 3.16 2.22
Air/He 1 L) 1300 .55 5.92 2.85
Air/He 4 1.0 5200 .80 5.65 3.12
Air/He 8 1.0 10,400 1.44 9.44 4.84
Air/He 10 1.0 13,000 .90 5.76 4.04
SF6/N2 10 0.5 27,600 .63 5.99 3.80
SF6/N2 10 0.5 27,600 1.18 10. 39 5.12
SF6/N? 10 0.5 27,600 2.50 16.8 7.26




Table 11

Vortex Size/Rise Data - Standard Deviations o

Shadowgraph Data - Various Rise Positions

z/D0 v o2

Gases P (Atm.) Do (in.) Re z/Do o, cD/D
Air/He 2.0 3000 2.049 .149 .120
Air/He 1.0 5200 2.011 121 .144
Air/He 1.0 10,400 1.927 .200 .120
Air/He 10 1.0 13,000 1.967 .139 .120
z/D0 v 3
Air/He 4 1.0 5200 2.915 131 121
Air/He 8 1.0 10,400 3.022 .187 .087
Air/He 10 1.0 13,000 3.074 .107 .130
Z/Do N4
Air/He 8 1.0 10,400 4.006 170 .124
Air/He 10 1.0 13,000 4.142 .083 117
Interferometry Data
Air/He 1/2 1.0 650 5.01 137 177
Air/He 1 0.9 1100 3.16 L1922 .181
Air/He 1.0 1300 5.92 .028 .128
Air/He 1.0 5200 5.65 .097  .119
Air/He 1.0 30,400 9.44 .104  .066
Air/He 10 1.0 13,000 5.76 .083 .101
SF6/N2 10 0.5 27,600 5.99 .093 .118
SF6/N2 10 0.5 27,600 10.39 213 . 149




APPENDIX A

Characterization of Particle Path Dependence

To be an effective fluid tracer, particles must possess relatively Tow
inertias and high drags to follow the streamlines accurately. At the
same time, thty must be sufficiently large to become visiole under intense
illumination. Particle tracking is particularly valuable to describe flow
patterns not easily accessible to other, more standard methods of measurement.
The utility of this method depends on the accuracy of streamline tracing
desired.

Assuming negligible radial velocities and net external forces, and
using Oseen's approximation for CD(Re), results from an analysis by Wright
(Reference 10) show that the path dependence of a particle in a vortex may
be characterized by a single parameter,

0 (omauD'
A= —( ] )
0 V0 M
where R0 = initial position of particle from center of core of vortex
Vo = initial fluid speed
a = radius of particle
p = fluiu viscosity
CDRe
D' = drag parameter = —z— =1 + 0.1875(Re) - 0.0148(Re)2 + ...
(Reference 11)
Voo . _4 4 1
M' = apparent mass of particle = 3 ma (pp ty o)
Py = density of particle
p = fluid density

A plot of this particle path dependence on parame:er o from
Reference 10 is presented in Figure A.1. It is evident that large Ao
is desirable.
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For the particles used in this study, a value of A may easily e
computed. An example is presented to illustrate what happens to a 10N micron
diameter particle within a vortex having a core radius of 1 inch, a
circumferential velocity of 1 ft/sec, and the fluid predominantly air at
1 atmosphere. The particle Reynolds number for this case is calculated to
be 2, thus the drag parameter D' using Oseen's approximation is 1.33. For
this particular case, Ao = 14 which based upon Figure A-1 is indicative
of a very good tracer. -Since D' increases strongly with Re whereas M' is

very weakly dependent on Re, the particulate becomes a better tracer in the
higher pressure regimes.




APPENDIX B
ABEL INVERSION OF THt AXISY!MMETRIC FRINGE SHIFT EQUATION

The inversion of the integral equation

r

i ? rdr
s(y) - ;[ (0= ) (1)

for change in index of refraction (n - n_) expressed in terms of fringe shift
S is by no means trivial, and the details of this inversion form the scope
of this appendix.

Introduce v = r?

u=y?

S(u)

du
u=-w

Multiply both sides of (B-2) hy and integrate from w to Vo

v. (n - n)dv
du f 0 ' e (8-3)
W Yu - w “u YV - u

Interchange the order of integration on the right hand side of (B-3)
in the following mainer (note the change in 1limits)

v v
°(n-nav [ ©— B-4)
o V’/w- Y(u -w) (v -u) (




v
0
The integral f du may be evaluated by introducing a new

o u-w (v-u)
variable of integration p such that

Uu=v+opw-v)

Than the integral reduces to

fvo , du =f — do (B-5)
w o Ylu-wyv-u) Jyo (T - p)

Consider the definition of the Beta Function

1

B(m,n) = f MLl R LA —?—)-—(—? $ £ 2;—

0

In this case, from (B-5) it is seen that m = n
r(1) =1,

v

/‘o du & o
w Ylu-w) {v-u)

Thus,

v v
Lt ey = [ ° Sluldu (8-6)
W W Yu-w

Now, n - n_ may be obtained by differentiating bo'h sides with respect to
w and then applying the Leibnitz Rule.

<.

v
d 0 = Ad 770 S(u)du ¢
= ~/;4 (n = n_)dv = = .‘N (R

-7)
dw =y
The left hand side of (B-7) becomes
v
d Y _
o —/v; (n -n_)dv = -(n - nm)w (B-8)

78

;— , and since I‘(;—) =/ and

T a—




The right hand integral may be integrated by parts

v
fo—s—(ﬁ)—du=25(u) u - w

W -w W S{w)
By definition, S(vo) is identically 0 so the first term is 0, and
) ] = g§
letting dS = T du
_ 2 d Yo ds i
(n-nm)w—n—mb/w‘ /u-wdudu (B-9)

To evaluate the derivative of tte integral, Leibnitz' Rule is again applied. |

v v
d 0 ds . 1_/0 ds
Wf /u-wmdu--zw /u-wdudu

W

Therefore,

dsS
- =A VO du du 1
(n-mn), =3~ |
W u-w
which may be equivalently written as
ds
(n ) n ) :A-J/ﬁro aF'dr
o’ Pr=y 7 (rz _ yz)l/z

Y

which is Equation (2) in Section 4.1.2.




APPENDIX C

EFFECT OF ERROR IN %% NEAR THE SINGULARITY IN

THE ABEL INVERSION OF THE FRINGE SHIFT EQUATION

Motivated by the occasional appearance of slightly negative mass
concentrations in the region near r = 0 (these were omitted in the plots
but included in the tabulated results in Appendix E), an effort was
undertaken to ascertain the oriain of these physically unrealistic results.
Consider Equation (3) in Section 4.1.2.2 with subscripts modified for
gases SFg/N, rather than air and helium.

From the table at the end of Section 4.1.2.2,

o, K, = 7.15 + 1073; === 5.22; == 1,98
N S

For the 10 atmosphere 10.4 bubble diameter rise data, it was found that

8+ 107®<\n_-n) <8105

n -n
Thus, 1073 < 3 < 1072
=,
And the 5TX term in the denominator becomes negligible compared to 1.
Thus, for this case
CH v (n - n.)
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Consider the equation

AS)

Typical values of %% (which in the data reduction are approximated by ar

in the region near the singularity are Aoproximately half a fringe in
0.1 inches; or about 5 fringes/inch. Suppose that locally there may be

d5

an error ¢f 220 percent from the true dr © which may be quite 1ikely when

one measures slope off of the reconstructed interferograms.

An error of 20 percent of 5 fringes per inch (i.e., 1 fringe/inch)
would modify the original calculation the following way:

r (%%-: 1)dr

)ooy =2 [ €
w’ r=y T y (Y‘2 2)1/2

-y

dsS
2y /‘re ar 9 . fre dr
" (r2 - y2)!/? (r2 - y2)'/?

y Y

-
[— - —~— —

Original Calculation Error

Once the integral on the right is evaluated, the incuried error in (n - n_)
becomes

2r
0g y
This indicates that the error in CH introduceg by an error in %% of 1
r
fringe/inch is directly proportional to log -51). A table of this error as

y
a function of r/re appears below:

2r
yirg [ vir, log (Te)
0 0 (center) ®
3.689
0.1 2.996
0.2 (v inner edge) 2.303
0.5 {~ peak Cpy) 1.386
1.0 (outer edge) .693
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For very small y, that is, for a calculation made for a point near the
origin, the error induced by an error in slope becomes large indeed.
When the calculation is made at points further away fram the origin (larger
y), the error is less pronounced. It was found that an error in slope of
t] fringe was indeed sufficient to make the calculated negative mass
concentration positive. In this report, negative concentrations near the

vortex origin are ignored, concentrations in that region are Just considered
negligible.
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APPENDIX D
CALCULATION OF MASS OF A LABORATORY FIREBALL

D-1.  MASS OF LOW DENSITY GAS

This calculation was wndertaken to compare the amount of nitrogen
present in an analyzed toroid to that in the unbroken bubble. It
accomplishes two purposes; first, it tests the validity of Figure 23, and
second, gives the relative amounts of mass in both the vortex and the wake.

From Dalton's Law of Partial Pressures,
PN . Ps

Y
W RS TR,

= <]

S

=
=] o

where Py and Pg are the partial pressures of N> and SFg respectively, and

py and Pg are the densities of N, and SFe in the disturbed iagion. This
equation utilizcs the facts that pressure and temperature are constant
everywhere and that the ambient mediun is composed of pure SF. Multiplying
through by MS’ we get

Ms
WQN + QS = Py (D'])

The density in the mixed gas region is equal to the sum of the densities
of N2 and SFg since the volume is fixed. Thus,

oyt pg = 0 (D-2)

Replacing pg in (D-1) with o - py fran (D-2) and integrating over the known
volune, the mass of nitrogen within the volume becomes 1

<]

my = f(] - E)av (D-3) H




The mass of the Spherical, initially pure nitrogen bubble is

_4
mNO - 3— g Y‘g pNo

where L is the bubble radius and pN is the density of pure nitrogen.
This may be modified to

The ratio between the calculated mass and the initial mass becomes

N, 3 f (1 - &gy (D-5)
™o MN P
1 "W-‘l 71’Y‘3
S
Consider now the integral J[ 1 - -—)dv Break up the volume into M thin
¢ ~ical volumes each having th1ckness by Bear1ng in mind that the

vclume of any cylinder may be expressed as 2nhy d/ﬁ rdr, where P is the

edge radius, the integral in question may be expressed in terms of a sum of
integrals each over a cylindrical volume;

or

L=2n 3 aygrg, [ -8 e
0

i=1 e e

Now, break the integral over r/r into N equal zones (each jth volume
having the same number of zones)
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The 10.4 diameter rise SF¢/N, data were used for this example. A total
of eight cuts (at y = 2/3 Yps 1/3 s central, 1/3 Yg» 2/3 yg and wake
cuts at 3/10 D, 1/2 D, and 3/4 D) along which -p—were known were used ‘in
the calculation. The following geometry was used

ST TR Yy epe—

23y

CENTRAL CUT

=1/3 yp

—2/3 Yg
0.3D
1/72 D

3/4 D
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The values of re. and by, are given below:
i

4
rel = g-r(2/3 yT) Ay, = 1/3 2
r(2/3 yr) + r(1/3 yy)
rez = 5 by, = 1/3 Y1
r(1/3 yT) + r(CC)
re3 = > Ay3 = 1/3 Y1
r(CC) + r(1/3 yp)
ry = ] Ay, = ]/3 yB
r(1/3 yB) + r(2/3 yB)
rs = 5 Ay5 = 1/3 yB
r(2/3 yB) + r(0.3 D)
re = — 5 Ayg = 0.3 D - 2/3 Yg
. r(0.3 D) ; r(1/2 D) bys = 0.2 D
rg = H3/40) 4 r(1/2 D) byg = .25 D

also, r(CC) = 1/2 D.

The density field at the middle of each zone is approximated by the average
of the known density field along its upper and lower boundaries of each
zone (see Appendix E). The density in the top zone is approximated as 4/5
of the density along the 2/3 Y cut.

The total mass was calculated to be 86.4 percent of the initial
mass which, taking into account the approximations made for this calculation,
augments the credibility of Figure 23. Furthermore, the relative amounts
of mass within each zone were:




Zone 1 .0498
Zone 2 .1318
Zone 3 .2009
Zone 4 .1986
lone 5 . 1564
Zone 6 .1695
Zone 7 .0535 Fireball Wake
Zone 8 .0395

These results indicate that only 9.3 percent of the total mass calculated
within the cloud is present in the wake.

D-2.  MASS OF ENTRAINED AMBIENT GAS IN FIREBALL

Having the mass of niirogen in the mixed gas region, it was a simple
matter to calculate the mass of entrained SFg.

The mass of entrained SFg in the flow field is just the total mass
less the mass of nitrogen;

=mp - my (D-9)

The total mass is the density, p, integrated over the volume,

me = fpdV=pm/&dV=pm3de- f(]-f;:)dvz (D-10)

The integral f (1 - ;L)dv was calculated in Appendix D.

The volume is simply

M
= 2 3
jdv ™ 15:; reiAyi (D-11)

Thus, me is known. Knowing My and mNo from D-1, the ratio of the entrained
mass to the initial Tow density mass may be calculated.

The result was that approximately 600 times the initial mass was
entrained at the time the center of the event rose to 10.4 initial bubble
diameters.
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APPENDIX E

TABULATED MEAN CONCENTRATION DATA

P (Atm) |Gases |t (sec) D, (in.) z/D, D/Do Re Cut Page
1/2 Air/He | 0.48 1.0 5.01 12.88 650 | Centra: 83
1 Air/He | 0.1¢ 0.9 3.16 2.22 1100 { Central 84
1 Air/He | 0.19 0.9 3.16 |2.22 1100 | 1/2 D Wake 85
1 Air/He | 0.19 0.9 3.16 |2.22 1100 | 3/4 D Wake 86
1 Air/He | 0.19 0.9 3.16 {2.22 1100 | D Wake 87
1 {Air/He | 0.55 1.0 5.92 }2.85 1300 | Central 88
4 Air/He | 0.80 1.0 5.65 [3.12 5200 | Central 89
8 Air/He | 1.44 1.0 9.44 14.84 110,400 | Central 90
10 Air/He | 0.90 1.0 5.76 |4.04 | 13,000 | Central 91
10 SFe/N, | 0.68 0.5 5.99 |3.80 | 27,600 | Central 92
10 SFe/Ny | 1.18 0.5 16.39 |5.12 | 27,600 | Central 93
10 SFg/N, | 1.18 0.5 10.39 |5.12 | 27,600 | 2/3 yg 94
10 SFg/N, | 1.18 0.5 10.39 |5.12 {27,600 [1/3 yt 95
10 SFg/No, | 1.18 0.5 10.39 [5.12 | 27,600 !1/3 Yg 96
10 SFg/N, | 1.18 0.5 10.39 |5.12 | 27,600 | 2/3 g 97
10 SFeg/N, | 1.18 0.5 10.39 }5.12 | 27,600 | 0.3 D Wake 98
10 SFg/N, | 1.18 0.5 10.39 |5.12 {27,600 | 1/2 D Wake 99
10 SFg/N, | 1.18 0.5 10.39 |5.12 | 27,600 | 3/4 D Wake | 100
10 SFg/N, | 2.50 0.5 16.9 17.26 | 27,600 | Central 101
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P=1/2 Atm
Air/He

.48 Sec
1.0 In.

p/o

[ -]

r

z/D0

D/D,

(in.)

Re ~ 650
Central Cut

.012E+0
.010
.009
.008
.0Go
.005
.004
.002
.001
.984E-1
.961
.932
.902
.867
.835
.807
.780
.750
.723
.687
.644
.630
.621
.609
.599

o Y O OO O G B PWw W NN~ = oYy

7
7.79
8.08
8.36
8.65
8.94
9.23
9.52
9.
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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.010E+0
.038
.067
.096
125
.154
.183
211
.240
.269
.298
327
. 356
. 384
413
.442

VY O O O O N NN N OOy

L
.
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0.19 Sec
0.9 In.

z/Do
D/Do

r (T

Re ~ 11090
Central Cut

NN O OO B

8.
9.
1.
1.

BB B P WWW N NN = o o

NN N NN 0O 0 00 000 00 W W W W W W W W W W W W YW W

N O — == = NN NN W W W W W WWWWW W WD
O W W W W O 0 0 O W W O O O O o 0 0O O 0 O O 0O O =~




P=1Atm t =0.19 Sec Z/Do = 3.16 Re ~ 1100

Air/He D0 = 0.9 In. D/D0 = 2.22 1/2 D Wake Cut
r (in.) r/redge CM, olo,, r (in.) r/redge CM olo,
0. 0. 2.75E-2 | 8.53E-1}| 3.33E-1|5.09E-1 |1.54E-2 {9.12E-1
1.19E-2 | 1.82E-2{ 2.62 8.59 3.45 5.27 1.53 9.13
2.38 3.¢4 2.58 8.61 3.57 5.45 1.52 9.13
3.57 5.45 2.63 8.59 3.68 5.64 1.54 9.12
4.75 7.27 2.50 8.65 3.80 5182 1.48 9.15
5.94 9.09 2.47 8.66 3.92 6.0 1.50 9.14
7.08 1.09E-1 ] 2.51 8.64 4.04 6.18 1.48 9.15
8.32 1.27 2.38 8.70 4.16 6.36 1.49 9.15
9.51 1.45 2.31 8.74 4.28 6.55 1.48 9.15
|.07E-1 1 1.64 2.25 8.77 4.40 6.73 1.46 9.16
1.19 1.82 2.25 3.77 4.52 6.91 1.47 2.16
1.31 2.0 2.04 8.c7 4.63 7.09 1.46 9.16
1.43 2.18 2.11 8.83 4.75 Ualld 1.41 9.19
1.55 2.36 2.03 8.87 4.87 7.45 1.43 9.18
1.66 2.55 1.98 8.90 4.99 /.64 1.39 9.20
1.78 2.73 1.93 8.92 5.1 7.82 33 9.23
1.90 2.91 1.93 8.92 5.23 8.0 1.28 9.26
2.02 3.09 1.86 8.96 5:35 8.18 1.24 9.28
2.14 3.27 1.86 8.96 5.47 8.36 20 9.30
2.26 3.45 1.77 9.00 5.59 8.55 1.14 9.33
2.38 3.64 1.80 8.99 5.70 8.73 1.04 9.39
2.50 3.82 1.72 9.03 5.82 8.91 9.28E-3 |9.45
2.61 4.0 1.73 9.03 5.94 9.09 8.24 2.51
278 4.18 1.68 9.05 6.06 9.27 7.27 9.57
2.85 4.36 1.69 9.04 6.18 9.4¢% 6.12 9.63
2.97 4.55 1.63 9.08 6.30 9.64 4,37 9.73
3.09 4.73 1.61 9.09 6.42 9.82 2.86 9.42
3.21 4.91 1.64 9.07
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P =1 Atm t =0.19 Sec Z/D0 = 3.16 Re ~ 1100

Air/He D.=0.9 In. D/D0 = 2.22 3/4 D Wake Cut
r (in.) r/redge Cy o/p r {(in.) Mredge | M olo,,
0. 0. 2.85E-2 | 8.49E-1
9.74E-3 | 1.75E-2 | 2.47 8.66 2.82E-1) 5.096-1} 1.86E-2 | 8.96E-1
1.95E-2 | 3.51 2.46 8.67 292 5.26 1.84 8.98
2.92 5.26 2.56 8.62 3.02 5.44 1.80 8.99
3.90 7.02 2.51 8.64 3.12 5.61 1.79 8.99
4.87 8.77 2,53 8.64 3.21 5.79 .77 9.00
5.84 1.05E-112.46 8.67 3.31 5.96 173 9.03
6.82 1.23 2451 g.64 3.41 6.14 1.73 9.02
7.79 1.40 2.44 8.68 3.50 6.32 1.69 9.04
8.77 1.58 2.48 8.66 3.60 6.49 1.67 9.06
9.74 1.75 2.43 8.68 3.70 6.67 1.65 9.07
1.07E-1 | 1.53 2.44 2.68 3.80 6.84 1.59 9.10
1.7 2.1 2+35 8.72 3.90 7.02 163 9.08
1.27 2.28 2.28 8.75 3.99 7.19 =52 9.13
36 2.46 2.29 8.75 4.09 .87 1.44 9.17
1.46 2.63 2.23 8.78 4.19 7.54 1.41 9.19
1.56 2.81 2.17 8.80 4.29 7.72 1.36 9.22
1.66 2.98 2.12 8.83 4.38 7.89 1.29 G.36
1.75 3.16 2.06 8.86 4.48 8.07 1.19 9.31
1.85 3.33 2.05 8.87 4.58 8.25 1.08 9.37
1.95 3.51 1.97 8.90 4.68 8.42 1.01 9.41
2.05 3.68 1.95 8.91 4.77 8.60 9.08E-3 [9.46
2.14 3.86 1.89 8.94 4.87 8.77 8.97 9.47
2.24 4.04 1.89 8.95 4.97 8.95 7.44 9.56
2.34 4.21 1.91 8.93 5.06 9.12 6n 72 9.60
2.44 4.39 1.88 8.95 5.16 9.30 5.82 9.65
2.53 4.56 1.88 8.95 5.26 9.47 4.74 9.7 4
2.63 4.74 1.86 8.96 5.36 9.65 2.90 9.30
2.73 4.91 1.84 8.97 5.45 9.82 2.30 G.86




P =1 Atm t=0.19Sec  2/D =3.16  Re~ 1100
Air/He D0 = 0.9 In. D/D0 = 2.22 D Wake Cut
r (in.) r/redge Cy o/o_ |l (in.) r/redge Cy o/p_
0. 0. 2.136-2 |8.83e-1]| 2.366-1 | 4.926-1 |1.84E-2 | 8.97€-1
8.14E-3[1.69E-2 |2.18  |[8.80 [l2.44 |5.08 |1.80 |s.99
1.63e-2(3.30  |2.18 |80 2.2 [s.25  [1.80  |s.99
2.46  |s5.08 f2.12 |s.83 |l2.61 |s.a2 |75 |9.02
3.26 |6.78 |2.04 |s.87 |l2.69 |5.59 [1.79  |9.00
4.07 |8.47 2.7 |s.;1 277 s |12 |9.03
4.88 |1.02e-1 [2.15  |s.82 [l2.8s  [5.93  |1.68  |9.05
570 |19 2.6 [s.81 |{2.93  |e.10 |1.69 9.0
6.51 [1.36 |2.12 [s.83 |[3.01 |6.27 |1.62 |9.08
733 [1.53 2.5 |s.e1 |[3.00 |6.4a  |1.57  |o.m
8.1 [1.69 [2.22 |s.78 |[3.18 661 |1.55  [9.12
8.96 |1.8 [2.16 |8.81 [|l3.26 |e.78 [1.;:1  [9.14
9.77. |23 f2.19  [s.80 {|3.38 |6.05 li.az Jo.16
1.06E-1 {2.20  [2.14  |e.82 |[3.42 [7.12 |1.a0  9.19
1.4 [2.37 2.8 |s.80 |{3.50 |7.29  |1.35  9.22
1.22 |2.56 2.3 |s.82 3.58 |7.46 1.6 |9.27
v |21 |2.08 |s.es |[3.66 [7.63  [1.23 9.8
1.38  [2.88 |z03 |s.8s |[3.75 7.8 [1.15 |9.33
1.47  [3.05 2.01  |s.s9 f[3.83 [7.07 |10 9.3
1.5 13.22 |2.00 |s.89 {391 |s.1a 11.03 [9.40
1.63  [3.39  [1.97 8.0 [{3.99 |8.31  |9.84£-3|9.42 |
1.1 ls.56  |1.99  |s.89  [[a.07  [s.47  [9.03  |9.47 |
1.79  {3.73 |1.98  |s.00 |[l4a.15 8.6 |s.32 9.5 |
1.87  |3.90 |1.96 |s.o1 |la.23 |s.;1  |7.46  |9.55
1.95  {4.07  [|1.95 |81 |l4.32 |s.o8 [6.97 |o9.58
2.0 |4.26  |1.94  |s.92 (490 915 602 lo.ea
2102 |a.v 190 |s.os [lass  |9.32  [s5.22 |o9.68
2.20 |4.58 |1.87 [s.95 f{la.56 |9.49 |a60 |9.72 u
2.28 la.75 1186 |s.o6 [la.64 o6 [3.40 |9.79
472 9.83 |2.37 |9.85 ’
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P =1 Atm t 6.92 Re ~ 1300

]
n

0.55 Sec z/D0

. Air/He D0 = 1.0 In. D/D0 = 2.85 Central Cut

l
r (in.) r/redge CM olo, r (in.) r/redge CM o/o,
2.85E-2 .02 1.12E-3 | 9.931E-1{| 7.40E-1 52 9.54E-3 | 9.437E-1
5.70 .04 1:66 9.898 7.69 .54 9.42 9.444
8.54 .06 1.82 9.887 7.97 .56 9.26 9.453
1.14E-1 .08 2.01 9.876 8.26 .58 9.10 9.462
1.42 . 2.24 9.862 8.54 .6 8.97 9.469

s 1.7 12 2.57 9.842 8.83 .62 8.€2 9.489
1.99 .14 2.98 9.817 9.11 .64 8.35 9.504
2.28 .16 3.54 9.783 9.40 .66 8.05 9.521
2.56 .18 4.15 9.747 9.68 .68 7.78 9.539
2.85 2 4.58 9.722 9.97 o7 7.45 9.555
3:13 .22 5.26 9.682 1.025E+0| .72 718 9.573
3.42 .24 6.04 9.636 1.054 .74 6.76 9.595
3.70 .26 6.72 9.597 1.08” .26 6.35 9.618
3.99 .28 7.52 9.551 1.1 .78 5.91 9.644
4.27 .3 8.25 9.509 1.139 .8 5.42 9.673
4.56 .32 8.40 9.501 1.168 .82 4.98 9.698
4,84 .34 8.58 9.491 1.196 .84 4.63 9.719
5.13 .36 8.85 9.476 1.225 .86 4.19 9.745
5.41 .38 9.19 9.457 1.253 .88 3.65 9.777
5. 70 4 9.35 9.448 1.281 .9 3.19 9.804
5.98 42 9.39 9.445 1.310 .92 2.81 9.828
6.27 .44 9.49 9.440 1.339 .94 2.55 9.843
6.55 .46 9.57 9.436 1.367 .96 2.25 9.861
6.83 .48 9.55 9.437 1.395 .98 1.87 9.884
7.12 -8 9.59 9.435 1.424 1.00 0. 1.05+G
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l P =4 Atm t = 0.80 Sec z/DO 5.65 Re ~ 5200

Air/He DO = 1.0 In. D/D0 = 3.12 Central Cuc
r (in.) r/redge Cy p/o, r (in.) r/redge Cy o/o,
3:12E=2 .02 -1.18E-2 |1.080E+0]} 8.11E-1 52 1.880E-2 |8.949E-1
6.24 .04 ~-8.34E-3 |1.055 8.43 .54 2.060 8.859
9.36 .06 -6.16 1.040 8.74 .56 2.052 8.863
1.25E-1 .08 -4.57 1.029 9.05 .58 2.2 8.876
1.56 . -3.48 1.022 9.36 6 1.962 8.908
1.87 12 -2.47 1.016 9.67 62 1.898 8.940
2.18 .14 -1.47 1.009 9.99 .64 1.834 8.971
2.50 .16 -4.40E-4 |1.003 1.030 .66 15738 9.023
2 .81 .18 2.09 9.987E-11{1.061 .68 1.630 9.075
3.02 w2 8.76 9.946 1.092 .7 1.541 g.121
3.43 .22 1.58E-3 }9.902 1.128 Y 1.370 9.2
3.74 .24 2.08 9.872 1.155 .74 1.199 9.303
4.06 .26 2.5 9.846 1.186 ] 1.079 9.369
4.37 w28 3.08 9.811 1.217 .78 9 /3E-3 [9.427
4.68 23 3. 55 9.783 1.248 .8 3.92 9.472
4.99 2 82 4.02 9.755 1.279 .82 8.23 9.511
5.30 .34 4.36 9.735 1= 301 .84 6.96 9.583
5.62 .36 4.63 9.719 1.342 .86 5.59 9.662
J 5.93 .38 5.04 9.695 1.373 .88 4.66 9.717
6.24 .4 5.60 9.662 1.404 .9 4.15 9.747
6 :15b .42 6.48 9.61 1.435 .92 3.56 9.782
6.87 .44 7.72 9.539 1.467 .94 2.90 9.822 |
7.18 .46 9.32 9.450 1.498 .96 2.24 9.862
7.49 .48 1.131E-2}9.340 1.529 .98 1.54 9.905
7.80 5 1.442 9.173 1.560 1.0 0. 1.0E40
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t = 1.44 Sec Z/D0 = 9.44 Re ~ 10,400

D0 = 1.0 In. D/D0 = 4,84 Central Cut
r (in.) r/redge CM p/o,, E (in.) r/redge CM o/p,,
0. 0. 3.71E-4 1 9.977E-1||1.209E+0 .5 2.18E-3 | 9.865E-1
4,84E-2 .02 4.61 9.971 1.258 52 2.86 9.825
9.68 .04 2.21 9.986 1.307 .54 3.41 9.791
1 45E-1 .06 -1.83E-5 | 1.000E+0 [{1.356 .56 3.59 9.780
1.94 .08 6.26 9.996E-1|]1.405 .58 3.61 9.779
2.42 . 1.01E-4 {9.994 1.454 J6 3.57 9.782
2.90 12 1.83 9.989 1.503 .62 3.55 9.783
3.39 .14 1.61 9.990 1.5682 .64 3.47 G.788
3.88 .16 2.75 9.983 1.600 .66 3.42 9.791
4,36 .18 3.38 9.979 1.648 .68 3.26 9.800
4.84 2 2.88 9.982 1.696 .7 3.13 9.808
5.32 .22 2.40 9.985 1.744 .72 3.01 9.816
5.80 .24 2.28 9.986 1.792 .74 2.82 9.827
6.29 .26 3.12 9.98 1.840 .76 2.76 9.830
6.78 .28 2.76 9.983 1.888 .78 2.55 9.843
7.27 3 3.07 9.981 1.936 .8 2.45 9.849
7.76 .32 3.72 9.977 1.984 .82 2.25 9.861
8.24 .34 3.61 9.977 2.032 .8¢ 2.21 9.864
8.72 .36 4.03 9.975 2.080 .86 1.62 9.910
9.20 .86 5.53 9.966 2.128 .88 1.71 9.894
9.€3 .4 6.47 9.960 2.176 .9 1.56 9.904 |
1.016E+0 .42 8.45 9.947 2.224 .92 1.36 9.915 '
1.064 .44 1.05E-3 19.935 2.272 .94 1.17 9.927
1.112 .46 1.35 9.916 2.320 .96 9.53E-4 | 9.941
1.160 .48 1.64 9.898 2.369 .98 6.47E-4 | 9.960
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P =10 Atm t = 0.90 Sec Z/DO = 5.76 Re ~ 13,000

Air/He DO = 1.0 In. D/DO = 4,04 Central Cut
r (in.) r/redge Cy o/p, r (in.) r/redge CM o/o,,
4.04E-2 .02 -1.05E-2 | 1.071E+C{] 1.051E+0 52 5.55E-3]9.665E-1
8.08 .04 -6.96E-3 | 1.046 1.091 .54 E#27 9.681
1.21E-1 .06 -4.83 1.031 1.131 /516 4.99 9.698
1.62 .08 -3.25 1.021 1.172 .58 4.75 9.7
2.02 A -2.12 1:018 1.212 .6 4.49 9.727
2.42 12 -1.42 1.009 1.263 .62 4.31 9.737
2.83 14 -1.25 1.008 1.293 .64 4.09 9.751
8.28 .16 -1.02 1.007 1.333 .66 3.95 9.759
3.64 .18 -7.62E-4 |1.005 1.374 .68 3.96 9.759
4.04 2 -5.06 1.003 1.414 .7 3.84 9.766
4.44 <77 -3.39 1.002 1.455 1 3.74 9.771
4.85 .24 8.86E-6 [9.999E-1]]1.495 .74 3.80 9.768
5.25 .26 2.70E-4 }9.983 1..585 .76 3.69 9.775 ;
5.66 .28 4.52 9.972 1.576 .78 3.27 9.800 H
6.06 =3 6.27 9.961 {1.616 .8 2.91 9.822
6.46 182 8.20 9.949 1.657 P2 2.84 9.826 1
6.87 .34 1.25E-3 |9.922 1.697 .84 2.79 9.829 '
7.27 .36 1.69 9.896 1737 .86 2.60 9.840
7.68 .38 2.00 9.876 1.778 .88 2.36 9.855 :
8.08 A4 2.44 9.850 1.818 .9 2.01 9.876 i
8.48 .42 2.93 9.820 1.859 .92 1.67 9.897 fl
8.89 .44 3.80 9.768 1.899 .94 1.37 9.915 1
9.29 .46 5..39 9.674 1.939 .96 1.15 9.929 ‘
9.70 .48 6.28 9.622 1.980 .98 8.66E-4 | 9.946
1.010E+0 .5 5.98 9.640 2.020 1.0 0. 1.0E+0
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98

P =10 Atm t = 0.68 Sec Z/D0 = 5.99 Re ~ 27,600
SFe/N, D0 = 0.5 In. D/DO = 3.80 Central Cut

r (in.) r/redge CM /e, r(imy) r/redge CM o/o,
1.81E-2 .02 =5.17E-3 |1.022E+0 || 4. 7NE-1 .52 6.71E-3 | 9.725E-1
3.62 .04 -4.03 1.017 4.89 .54 5.75 9.763
5.43 .06 =3.51] 1.015 5.07 .56 5.44 9.776
7.24 .08 -3.13 1.013 5.25 .58 5.23 9.784
9.05 .1 -2.99 1.013 5.43 .6 4.99 9.794
1.09E-1 a2 -4.N 1.018 5.61 .62 4.79 9.802
27 14 -1.65 1.007 5.79 .64 4.59 9.810
1.45 .16 -1.06 1.005 5.97 .66 4.44 9.816
1.63 .18 -6.22E-4 [1.003 6.15 .68 4.28 9.823
1.81 .2 -2.60 1.001 6.34 .7 4.13 9.829
1.99 .22 2,35 9.990E-1116.52 .72 3.94 6.837
2.17 .24 8.22 9.966 6.70 .74 3.77 9.843
2.35 .26 1.35E-3 ]9.944 6.88 .76 3.58 9.85
2.53 .28 1.88 9.921 7.06 .78 3.37 9.860
2.72 .3 2.42 9.899 7.24 .8 3.16 9.868
2.90 .32 2.94 9.878 7.42 .82 2.96 9.877
3.08 .24 3.45 9.856 7.60 .84 2.70 9.888
3.26 .36 4.08 9.831 7.78 .86 2.46 9.897
3.44 .38 5.07 9.791 7.96 .88 2.24 9.906
3.62 N 6.27 9.742 8.15 .9 1.98 9.917
3.80 .42 6.25 9.743 8.33 .92 1.74 9.927
3.98 .44 6.17 9.747 8.51 .94 1.48 9.938
4.16 .46 6.13 9.748 8.69 .96 1.19 9.950
4.34 .48 6.10 9.749 8.87 .98 8.34E-4 | 9.965
4.53 =5 6.21 9.745 9.05 1.0 0. 1.0E+]




P =10 Atm t

n
H

1.18 Sec Z/D0

10.39 Re ~ 27,600

SFg/Ny D, = 0.5 In. D/D, = 5.12 Central Cut |
' r (in.) r/redge CM olo r (in.) r/redge CM o/o_
2.56E-2 .02 -2.69E-3 1 1.012E+0 |{6.66E-1 .52 3.65E-3 ] 9.848E-1
Bl 2 .04 -2.06 1.009 6.92 .54 870 9.846
7.68 .06 -1.68 1.007 7.17 .56 3.70 9.846
1.02E-1 .08 -1.29 1.005 7.43 .58 3.63 9.849
1.28 1 -9.57E-4 | 1.004 /.68 .6 3.5% 9.883
1.54 12 -7.18 1.003 7.94 .62 3.46 9.856
1.79 .14 -4.22 1.092 8.20 .64 3.33 9.861
2.05 .16 -2.26 1.001 8.45 .66 328 9.866
2.31 .18 -6.38E-511.000 8.71 .68 3.1 9.871
2.56 .2 1.20E-4 | 9.995E-1 ||8.97 .7 3.01 9.875
2,82 .22 c.63 9.989 9.22 .72 2.88 9.880 \
8-07 .24 3.61 9.985 9.48 .74 2.70 9.887
3. 33 .26 4.96 9.974 .78 .76 2.54 9.894
3.59 .28 6.00 9.975 9.99 .78 2.39 9.900
3.84 .3 6.68 9.972 1.025E+0 .8 2.21 9.908
4.10 .32 7.77 9.967 1.050 .82 2.08 9.913
4.35 .34 8.99 9.962 1076 .84 1.94 9.919
4.61 .36 9.83 9.959 1.101 .86 1.79 9.925
4.87 .38 1.14E-3 | 9.952 1.127 .88 1.64 9.932
5.112 .4 1.37 9.943 1.153 .9 1.49 9.938
5.38 .42 1.75 9.927 1.178 .92 1.30 9.945
5.64 .44 2.17 9.909 1.204 .94 14138 9.953
5.89 .46 2.79 9.884 1.230 .96 9.26E-4 ] 9.961
6.15 .48 3.51 9.854 1.255 .98 6.71 9.972
6.40 o 3.63 9.849 1.281 1.0 0. 1.0E+0
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=10Atm  t=1.8Sec  2/D, =10.39  Re~ 27,600 .
SFg/N, D, = 0.5 In. D/D, = 5.12 2/3 y; Cut
:
| r (in.) r/redge Cy p/e, r (in.) r/"edge CM o/p,,

(16E-2 | .02 [-1.63E-3 [1.007€+0 [[5.626-1 | .52 [1.556-3 [9.935-1
.32 .04 [-1.00  |1.004 [}5.83 .54 [1.59  |9.933

5.48 .06 [-6.13e-4 [1.003 |[6.04 .56 [1.62  [9.932
64 .08 [-2.48  [1.000 ([6.27 .58 [1.65  [9.931
.08E-1 | .1 [-2.80e-5 [1.000 |[6.48 .6 [1.65  |9.931
.30 12| 2.09E-4 [9.991E-1 [f6.70 .62 11.63  [9.932
51 14 [3.36  [9.986 |[6.91 .64 1.60  |9.933
73 16 [ 5.07  [9.979 [[7.13 .66 |1.60  |9.933
.94 18 6.02 [9.975 |l7.35 .68 |1.59  19.933
16 2 6.79  [9.971  |7.56 .7 158 |9.934
.38 22 | 7.2 |9.969 |[[7.78 72 |1.56  |9.935
.59 26 | 8.7 [9.966 |[7.99 76 1158 [9.936

.81 26 19.37  [9.961 |ls.20 .76 |1.52  |9.936

.02 .28 | 1.066-3 [9.956 |[8.43 .78 |1.47  19.938

.24 8 1.5 [9.952 ([8.64 8 [1.41  [9.941
46 .32 [1.20 [9.950 ||8.86 .82 11.30  [9.946
67 38 1 1.6 [9.947  ||9.07 .84 11.22  [9.949
.89 36 | 1.32 [9.945 ll9.29 .86 |1.11  |9.953
10 .38 [1.38  [9.942 ]|9.51 .88 |1.02  {9.957
.32 4 .41 9.941  ||e.72 .9 |9.126-4 |9.962
54 42 1 1.44  [9.940 |l9.94 92 |7.75  |9.967

75 44 [ 1.48  19.938 ||1.015e+0| .94 [7.00 |9.971
.96 46 [ 1.52  [9.936 || 1.037 .96 [5.63  [9.976 |
19 .48 | 1.53  [2.936 || 1.059 .98 13.43  |9.986 |

5.40 .5 1.54  19.93 | 1.080 1.0 |o. 1.0E+0 |




P =10 Atm t =1.18 Sec Z/D0 = 10.39 Re ~ 27,600
SFg/N, D0 = 0.5 In. D/D0 = 5.12 /8 Y1 Cut

r (in.) r/redge CM o/o,, r (in.) r/redge CM olo,
2.47E-2 .02 -2.05E-3 | 1.009E+0 || 6.42E-1 .52 2.72E-3 |9.887E-1
4.94 .04 -1.53 1.007 6.67 .54 2.66 9.889
7.41 .06 -1.19 1.005 6.92 .56 2.58 9.892
9 88 .08 -9.24E-4 |1.004 7.16 .58 2.47 9.897
1.24E-1 . -6.45 1.003 7.41 .6 2.35 9.902
1.48 12 -4.26 1.002 7.66 .62 2.26 9.906
1.73 .14 -2.76 1.001 7.90 .04 2.20 9.908
1.98 .16 -1.49 1.001 8.15 .66 2.12 9.912
2.22 .18 -7.26E-5 |1.000 8.40 .68 2.06 9.914
2.47 .2 1.88 9.999E-1 [|8.64 T 2.03 9.915
2.72 .22 1.3GE-4 19.995 8.89 .72 1.97 9.918
2.96 .24 2.30 9.390 9.14 Wi 1.92 9.920
3.21 .26 3.20 9.987 9.39 .76 1.88 9.921
3.46 .28 31.65 9.98N 9.63 .78 1.83 9.92%
3.70 .3 6.37 9.973 9.88 .8 1.77 9.926
3.95 .32 8.08 9.966 1.0 3e+0 .82 1.72 9.328
4.20 .34 1.02E-3 ]9.957 =037 .84 1.67 9.930
4.45 . 36 1.28 9.946 1.062 .86 1.55 9.935
4.69 .38 1.56 9 935 1.087 .88 1.41 9.941
4.94 .4 1.92 9.920 1.112 .9 a2 9.947
5.19 .42 2 297 9.893 1.136 .92 1.15 9.952
5.43 .44 2.95 9.877 1.161 .94 {04 9.957
5.68 .46 2.88 9.880 1.186 .96 9.35E-4 19.961
5.98 .48 2.82 9.882 1.210 .98 7.32 9.969
6.17 .5 2.77 9.885 1.235 1.0 0. 1.0E+]




P =10 Atm t =1.18 Sec z/Do = 10.39 Re ~ 27,600
SFe/No Do = (0.5 [te D/Do = .12 1/3 Yg Cut
r (in.) r/redge CM o/e,, r (in.) r/redge CM /o,
2.55E-2 .02 ~2.87E-3 |1.012E+0 ||6.62E~1 .52 3.25E-3 ] 9.865E-1
5.10 .04 -2.05 1.009 6.89 .54 3.29 9.863
7.65 .06 -1.48 1.006 7.14 .56 3.47 9.858
1.02E-1 .08 -1.18 1.005 7.40 .58 2.96 9.877
.28 M -1.05 1.004 7.65 .6 2.78 9.884
1.83 : F2 -6.14E-4 |1.003 7.91 .62 2.77 9.885
1.79 .14 -3.13 1.001 8.16 .64 2w/5 9.885
2.04 .16 -4.04 1.002 8.42 .66 2.75 9.885
2.30 .18 2.63E-5 |9.999E-1 ||8.67 .68 2.61 9.891
2.55 .2 5.87E-4 19.975 8.93 o 2.43 9.899
2.81 .22 6.81 9.971 9.18 .72 2.32 9.903
3.06 .24 6.64 9.972 9.44 74 2.21 9.908
3.32 .26 7.46 9.969 9.69 .76 2.09 9.913
3.57 .28 8.43 9.965 9.95 .78 1.96 9.918
3.83 .3 G.96 9.962 1.020E+0 .8 1.82 9.924
4.08 .32 9.36 9.961 1.046 .82 1.68 9.930
4.34 .34 9.89 9.959 1.071 .84 1.57 9.934
4.59 36 1.17E-3 ]9.95] 1.097 .86 1.46 9.939
4.85 .38 1.43 9.940 1.122 .88 1.34 9.944
5.70 4 .78 9.928 1.148 .9 1.22 9.949
5.36 .42 2.08 9.913 1.173 .92 1.08 9.955
5.61 .44 2.62 9.891 1.199 94 9.20E-4 | 9.961
5.87 .46 3.17 9.868 1.224 .26 7.68 9.968
6.7 .48 3.27 9.864 1250 .98 6.38 9.973
6. 48 5 3.7%6 9.864 1.275 1.0 0. 1.0E+0
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P =10 Atm t =1.18 Sec Z/Do = 10.39 Re ~ 27,600
SFe/N, D, = 0.5 In. D/D, = 5.12 2/3 yg Cut
r (in.) r/redge CM o/p,, r (in.) r/redge CM o/p,,
|}

2.61E-2 .02 -1.99E-3 |1.008F+1 ||6.78E-1 .52 1.57E-3 [9.934E-1
5.22 .04 -1.15 1.005 7.04 .54 1:63 9.932
7.83 .06 -6.81E-4 |1.001 7.30 .56 1.63 9.932
1.04E-1 .08 -2.11 1.000 7.56 .98 1.65 9.931
1.30 .1 1.11 9.995E-1 {|7.83 .6 1.69 9.929
1.57 2 2.32 9.990 8.09 .62 1.75 9.927
1.83 .14 .54 9.985 8.35 .64 1.81 9.924
2.09 .16 4.84 9.980 8.61 .66 1.84 9.923
2.35 .18 6.78 9.972 8.87 .68 1.82 9.924
2.61 2 8.11 9.966 9.13 7 1.74 9.927
2.87 .22 8.62 9.964 9.39 .72 1.65 9.931
3.18 .24 9.25 9.961 2.65 .74 1.56 9.935
3.39 .28 1.03E-3 |9.957 9.91 .76 1.42 9.941
3.65 .28 1.10 9.95% 1.017E+D .78 1.31 9.945
3.91 "3 1.18 9.951] 1.043 .8 1.25 9.948
4.17 .32 1.19 9.950 1.070 .82 1.16 9.951
4.43 .34 1.20 9.950 1.096 .84 1.09 9.954
4.70 .36 120 9.950 1.122 .86 1.04 9.956
4.96 .38 1.24 9.948 1.148 .88 9.80E-4 ]9.959
5.22 .4 1.29 9.946 1.174 .9 8.83 9.963
5.48 .42 1.37 9.943 1.200 .92 7.81 9.967
5.74 .44 1.46 9.939 1.226 .94 6.96 9.971
6.00 .46 1.50 9.937 1.252 .96 5.50 9.977
6.26 .48 1.50 9.937 1.278 .98 2.45 9.985
6.52 .5 1.52 9.936 1.304 1.00 0. 1.0E+0




T T

P =10 Atm t=1.18 Sec  2/D,=10.39  Re~ 27,600

SFe/N, D, = 0.5 In. D/D, = 5.12 0.3 D Wake Cut
r (in.) r/redge CM /o, F iR r/redge CM o/o,,
2.21€-2 | .02 | 1.17E-4 | 9.995E-1 || 5.76E-1 .52 | 9.87€-4 |9.957E-]
4.43 .04 13.56 }9.985 15.98 .54 | 1.023E-3 19.957
6.64 .06 |4.55 [9.981 }16.20 .56 | 1.022  19.956
8.86 .08 |[5.12  [9.979 |l6.42 .58 | 1.033  ]9.957
1L.IE-1 ] 5.77  |9.976 F 6.65 .6 |[1.039  [9.956
1.33 2 [5.18 [9.978 f 6.87 .62 |1.031  }9.957
1.55 14 [5.70  [9.976  [/7.09 .64 | 9.80E-4 [9.959
1.77 6 [6.16  [9.974  |i7.3 .66 | 9.44 9.960
1.99 .18 |5.80 19.975  [17.53 .68 |9.38 9.961
2.21 .2 |5.94 |9.975 |17.75 g 92 9.961
2.44 22 |6.36 19.973 [7.97 Je {812 9.962
2.66 .24 |7.08 [9.970 [[8.19 .74 | 8.97 9.962
2.88 .26 |7.59 |9.968 [18.42 .76 | 8.74 9.963
3.1 .28 |7.99 |9.966 [ 8.64 .78 | 8.53 9.964
3.32 .3 [8.29 |9.965 [{8.86 B ['8.38 9.965
3.54 .32 |8.31  }9.964 |9.08 .82 |8.19 9.966
3.76 .3 |8.48  [9.963 [19.30 .84 | 7.87 9.967
3.99 .3 |8.88 |9.961 }9.52 .86 | 7.32 9.969
4.21 .38 |9.18  |9.961 [19.74 .88 [6.79 9.971
4.43 4 |9.3¢  |9.960 [[9.97 .9 6.1 9.974
4.65 42 [9.63  ]9.959 [ 1.019E+0 [ .92 | 5.30 9.978
4.87 44 }9.81  ]9.960 [[1.041 .94 [4.49 9.981
5.09 .46 |9.56 |9.960 [1.063 .96 | 3.63 9.985
5.32 48 19.44  19.959  |1.085 .98 | 2.55 9.989
5.54 .5 ]9.66 |9.957 |{1.107 1.0 |G. 1.0E+]
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P =10 Atm t =1.18 Sec z/D

10.39 Re ~ 27,600

SFg/Ny DO = 0.5 In. D/DZ = 5.12 1/2 D Wake Cut

r (4.} r/redge Cy o/o,, r (in.) r/redge Cy o/p,
1.81E-2 .02 2.13E-4 | 9.991E-1|{4.71E-1 .52 7.11E-4 |9.970E-1
3.63 .04 4.17 9.983 4.89 .54 7.07 9.970
5.44 .06 4.91 9.979 5.08 .56 7.07 9.970
725 .08 5.87 9.975 5.26 .58 7.17 9.970
9.06 .1 6.32 9.973 5.44 .6 7.35 9.969
1.09E-1 2 6.25 9.974 5.62 .62 7.22 9.970
1.27 .14 6.29 9.974 5.80 .64 7.12 9.970
1.45 .16 5.62 9.976 5.98 .66 6.86 9.971
1.63 .18 5.38 9.977 6.16 .68 6.70 9.972
1.81 .2 5.3 9.978 6.34 M 6.64 9.972
1.99 .22 4.66 9.980 6.53 .72 6.44 9.973
2] 8 .24 4.53 9.¢81 6.71 .74 6.16 9.974
2.36 .26 4.70 §.980 6.89 .76 5.78 9.976
2.54 .28 4.96 9.979 7.07 .78 5.42 9.977
2.72 .3 5.28 9.978 7.25 .8 5.45 9.977
2.90 .32 5.31 9.97/8 7.43 .82 5.26 9.978
3.08 .34 5.17 9.978 7.61 .84 4.90 9.979
3.26 . 36 5.03 9.979 7.79 .86 4.59 9.981
3.44 .38 5.13 9.978 7.98 .88 4.27 9.982
3.63 4 5.47 9.977 8.16 .9 3.86 9.984
3.81 .42 5.98 9.975 8.34 .92 3.38 9.986
3.99 .44 6.28 9.974 8.52 .94 2.84 9.988
4.17 .46 6.62 9.972 8.70 .96 2.30 9.990
4.35 .48 6.71 9.972 8.88 .98 1.61 9.993
4.53 5 7.17 I9.970 9.06 1.0 0. 1.0E+0
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P =10 Atm t =1.18 Sec Z/D0 = 10.39 Re ~ 27,600

SFg/N, 0= 0.5 In. D/Do = 5.12 3/4 D Wake Cut
r (in.) r/redge CM o/p,, r (in.) r/redge CM /o,
1.75E-2 .02 4.28E-4 19.982E-1{| 4.54E-1 .52 6.54E-4 | 9.973E-]
3.49 .04 4.15 9.983 4.72 .54 6.47 9.973
5.24 .06 1.96 9.992 4.89 .56 6.38 9.973
6.99 .08 6.20 9.974 5.07 .58 6.35 9.973
8.74 . 6.31 9.973 5.24 .6 6.09 9.974
1.05E-1 .12 6.41 9.973 5.42 .62 5.96 9.975
1.22 .14 6.67 9.972 5.59 .64 5.69 9.976
1.40 6 6.75 9.972 5.77 .66 5.56 9.977
1.57 .18 7.16 9.970 5.94 .68 5.42 9.977
1.75 .2 7.78 9.967 6.12 .7 5.29 9.978
1.92 el 9.09 9.962 6.29 .72 5.26 9.978
2.10 .24 6.61 9.972 6.46 .74 5.16 9.978
220 .20 6.74 9.972 6.64 .76 5.03 9.979
2.45 .28 7.10 9.970 6.81 .78 4.88 9.980
2.62 .3 7.49 9.969 6.99 .8 4.72 9.980
2.80 1 92 8.24 9.965 7.16 .82 4.47 9.981
2.97 .34 8.50 9.964 7.34 .84 4.16 9.983
3.14 .36 8.67 9.964 7.51 .86 3.88 9.984
3.32 .38 8.39 9.965 7.69 .88 3.60 9.985
3.49 .4 8.00 9.966 7.86 .9 3.26 9.986
3.67 .42 7.70 9.968 c.04 .92 2.89 9.988
3.54 .44 7.25 9.970 8.21 .94 2.48 9.990
4.02 .46 7.16 9.970 e.39 .96 2.00 3.992
4.19 .48 6.91 9.971 8.56 .98 1.41 9.994
4.37 .5 6.71 9.972 8.74 1.0 0. 1.0E+0




P =10 Atm t

2.5 Sec z/DO 16.9 Re ~ 27,600

SFg/N, D0 = 0.5 In. D/DO = 7.26 Central Cut
r (in.) r/redge CM o/o, r (in.) r/redge Cy olo,
3.58E-2 .02 -1.48E-3 | 1.006E+0 || 9.32E-1 .52 1.66E-3 | 9.931E-1
7.17 .04 -1.19 1.005 9.68 .54 2.07 9.914
1.08E-1 .06 9.94E-4 | 1.004 1.004E+0 .56 2.08 9.913
1.43 .08 -7.45 1.003 1.040 .58 2.03 0915
1.79 . -5.14 1.002 1.075 .6 1.97 9.917
2.15 12 -3.24 1.001 1.111 .62 1.93 9.919
f 2.51 .14 -1.92 1.001 1.147 .64 1.88 9.921
2.87 .16 -5.14E-5 | 1.000 1.183 .66 1.83 9.924
3.23 .18 5.48E-6 |1.000 1.219 .68 1.76 9.926
3.58 2 1.20E-5 [1.000 1.255 7 1.71 9.929
3.94 .22 5.68 9.998E-1{11.291 .72 1.62 9.932
4.30 .24 1.17E-4 19.995 1.326 .74 1.46 9.939
4.66 .26 1.58 9.993 1.362 .76 1.28 9.946
5.102 .28 1.96 9.992 1.298 .78 1.14 9.952
5.38 3 2.4 9.989 1.434 8 1.05 9.956
5.74 .32 3.06 9.987 1.470 .82 9.67E-4 1 9.959
6.09 .34 3.38 9.986 1.506 .84 8.67 9.964
6.45 .36 3.39 9.986 1.542 .86 7.86 9.967
6.81 .38 3.07 9.987 1.577 .88 7.11 9.970
7.17 4 3.94 9.983 1.613 9 6.40 9.973
7.53 .42 5.47 9.977 1.649 192 5.67 9.976
7.29 .44 6.94 9.971 1.685 .94 4.87 9.980
8.25 .46 8.71 9.963 1.721 .96 3.94 9.983
8.60 .48 1.03E-3 {9.957 1.757 .98 2.76 9.988
8.96 5 1.22 i9.949 1.792 1.0 0. 1.0E+]
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